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ABSTRACT 
To gain a more complete history and understanding of the full amplitude of 
climate variability prior to instrumental records, science must rely on natural proxy 
archives that are sensitive to fluctuations in key climate parameters.  Calcium carbonate 
skeletons of long-living hermatypic corals in some locations have been shown to be 
natural archives of surface ocean variability.  This study investigated the fidelity and 
reproducibility of coral derived Sr/Ca time series from Clipperton Atoll, Fiji, and Tonga 
as accurate proxies of sea surface temperature (SST).  The replicated high-resolution 
Sr/Ca time series record monthly and bimonthly SST changes, though with a greater 
magnitude of variability than instrumental records.  Coupled measurements of coral 
Sr/Ca and δ18O records were also used to reconstruct δ18O of seawater from each region, 
and showed good agreement with in situ sea surface salinity (SSS) measurements.  
Longer-term, lower-frequency trends in the proxy records appear to reflect the changing 
position of the Intertropical Convergence Zone (ITCZ) and the South Pacific 
Convergence Zone (SPCZ).  Coral skeletal growth parameters were then examined for 
possible effects of ocean acidification.  These results showed some coral colonies with 
increasing calcification while others showed decreasing calcification, suggesting other 
effects play an important role.  The results of the analyses of growth and 
paleoclimatology proxy reconstructions were also inconclusive, since slight influences 
were present in some but not all colonies.  Finally, inter- and intra-colony comparisons 
were made using Mg/Ca as the proxy results in the Fiji and Tonga colonies.  However, 
because of alterations and discontinuities in the skeletal material, Mg/Ca lacked 
coherence at long timescales and should not be considered as a reliable SST proxy.  
 viii 
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CHAPTER 1 
Introduction and literature review 
 
1. Coral-based paleoclimate reconstructions 
The documentation of natural oceanographic and climatic variability has become 
increasingly important in order to establish an accurate baseline from which to compare 
the climatic perturbations due to current anthropogenic effects.  Accurate global climate 
models still have limitations because they are often based on short-term instrumental 
observations, fail to incorporate precise ocean rendition, and are based on incomplete 
tropical ocean data.  Thus, additional annually resolved sub-seasonal resolution 
paleoclimate data is necessary to ground-truth regional and global climate models.  Due 
to sparse or absent reliable instrumental climate measurements prior to the 1950s, proxy 
data from the tropical oceans are being utilized to produce dependable, long-term records 
of past climate.   
Trace element concentrations and stable isotopic ratios in scleractinian corals with 
continuous growth over several hundred years have been determined in some locations 
and some studies to be reliable recorders of regional climate conditions and variability.  
Coupled with their wide distribution across the temperate and tropical latitudes between 
35 °N and 35 °S [Veron, 2000], corals skeletons are proving to contain unique records of 
past oceanographic and atmospheric variability in many key regions of the world.  Proxy 
records based on ratios of several stable isotopes and trace elements can be generated to 
evaluate varying environmental conditions such as sea surface temperature (SST), sea 
surface salinity (SSS), upwelling events/ocean ventilation, nutrient levels, and even cloud 
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cover (see Table 1.1).  Depending on skeletal growth rates and species analyzed, coral 
skeletal chemistry has been shown to vary on a daily, monthly and annual time-scales, 
reflecting the changing ocean conditions and cycling of elements in which the skeleton 
was precipitated.  The wide collection of unaltered modern coral skeletal records from the 
tropics has allowed climatic data to be reconstructed on various timescales, from 
interannual to interdecadal of the recent past and even calibrated to fossil corals of the 
distant past.  
 
TABLE 1.1: Summary of coral skeletal proxy records and the environmental variable it 
records. 
Tracer Environmental Variable Reference 
Sr/Ca SST Weber 1973; Smith et al. 1979; Beck et 
al. 1992; de Villiers et al. 1994, 1995; 
McCulloch et al. 1994; Alibert & 
McCulloch 1997; Gagan et al. 1998; 
Evans et al. 1999; Linsley et al. 2000b, 
2004, 2006; Cohen et al. 2001, 2002; 
Hendy et al. 2002; Quinn & Sampson 
2002; Marshall & McCulloch 2002; 
Fallon et al. 2003; Meibom et al. 2003; 
Stephans et al. 2004; DeLong et al. 
2007; Goodkin et al. 2007 
Mg/Ca SST Hart & Cohen 1996; Mitsuguchi et al. 
1996, 2003; Shen & Dunbar 1996; 
Fallon et al. 1999; Wei et al. 2000; 
Watanabe et al. 2001; Meibom et al. 
2004, 2007; Buster & Holmes 2006; 
Finch & Allison 2008 
Ba/Ca SST/Upwelling/River outflow Shen et al. 1992a; McCulloch et al. 
2003 
U/Ca SST Min et al. 1995; Shen & Dunbar 1995 
Cd/Ca Upwelling/Nutrient Levels Shen et al. 1987, 1992a; Matthews et al. 
2006, 2008 
Mn/Ca Upwelling/ Surface Wind Flux Shen et al. 1991, 1992b; Linn et al. 
1990; Delaney et al. 1993 
δ18O SST Weber & Woodhead 1972; Emiliani et 
al. 1978; Fairbanks & Dodge 1979; 
Dunbar & Wellington 1981; 
McConnaughey 1986, 1989b; Shen et 
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al. 1992a; Quinn et al. 1993, 1996; 
Dunbar et al. 1994, 1996; Gagan et al. 
1994, 1998; Wellington & Dunbar 
1995; Tudhope et al. 1996; Wellington 
et al. 1996; Fairbanks et al. 1997; 
Linsley et al. 1999, 2000a, 2004, 2006, 
2008 
δ18O δ18O of seawater (linearly related 
to surface salinity) 
Cole & Fairbanks 1990; Cole et al. 
1993; Linsley et al. 1994; Tudhope et 
al. 1995, 1996; Urban et al. 2000; 
Linsley et al. 2000a, 2006, 2008; 
Morimoto et al. 2002; Iijima et al. 2005 
δ13C Photosynthesis Fairbanks & Dodge 1979; Swart, 1983; 
McConnaughey 1986, 1989a,b; Cole & 
Fairbanks 1990; Carriquiry et al. 1994; 
Julliet-Leclerc et al. 1997; Grottoli-
Everett 1998; Grottoli & Wellington 
1999; Grottoli 2002, 2004 
δ13C Heterotrophy Felis et al. 1998; Boiseau et al. 1999; 
Grottoli & Wellington, 1999; Grottoli 
1999, 2002  
Δ14C Ocean Ventilation Druffel & Griffin 1993; Druffel 1997; 
Guilderson & Schrag 1998; Grottoli et 
al. 2003  
δ11B pH Hemming & Hanson 1992; Hemming et 
al. 1998; Hönisch et al. 2004; Pelejero 
et al. 2005 
Fluorescence/Luminescence River Discharge Isdale et al. 1984, 1998; Scoffin et al. 
1989, 1992; Tudhope et al. 1995, 1996; 
Lough et al. 2002; Lough 2004 
Skeletal banding SST/Ocean 
movement/Sedimentation/Stress 
Dodge & Thomson 1974; Dodge & 
Vaisnys 1975; Hudson et al. 1976; 
Dodge & Lang 1983; Scoffin et al. 
1989, 1992; Lough et al. 2002; Lough 
2004 
 
2. Coral anatomy and physiology 
Symbiotic, or stony corals are marine animals of the cnidarian family in the order 
Scleractinia (class Anthozoa), which includes many solitary and colonial species.  The 
first appearances of scleractinians were in the Middle Triassic period when it replaced the 
extinct tabulate and rugose corals at the end of the Permian [Veron, 2000].  Scleractinians 
are hermatypic (reef-building) corals that often comprise the base of a coral reef 
framework and thrive under optimal growth conditions of SST between 20-29 °C, water 
depths of 5-50 m, and normal marine salinity [Veron, 2000].  The body of a scleractinian 
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coral is made up of many interconnected polyps from asexual division forming a single 
large colony.  The polyps contain unicellular endosymbiotic algae known as 
zooxanthellae that are located in the gastrodermis overlying an internal skeletal structure 
that translocate photosynthetically fixed carbon to their host in the form of glucose or 
glycerol as part of its metabolic requirements [Muscatine and Porter, 1977; Falkowski et 
al., 1984; Muscatine, 1990].  The coral hosts reciprocate the symbiotic relationship by 
providing nutrients in the form of nitrogen and phosphorous for the algae as well as 
refuge from predators [Muscatine and Porter, 1977; Falkowski et al., 1984].  Corals also 
acquire part of their metabolic requirements through heterotrophy by actively consuming 
zooplankton, bacteria, and particulate organic matter caught by its tentacles [Yonge, 
1931; Coles, 1969; Goreau et al., 1971; Sorokin, 1973].  
 
3. Coral skeletogenesis and calcification 
Scleractinian corals excrete and deposit a mineralogical isomer of calcium 
carbonate (CaCO3) known as aragonite [Ruppert and Barnes, 1994].  The formation of 
new skeleton is known as skeletogenesis, or calcification.  Annual growth and skeletal 
deposition of corals range from 0.5-2 cm year-1 with distinct annual layers in some 
species that can be identified by a pair of low and high density bands, deposited during 
optimal and suboptimal growing seasons, respectively [Ruppert and Barnes, 1994; Veron, 
2000].  However, not all corals deposit noticeable or even perfectly defined seasonal 
banding patterns and the timing of the deposition also varies between species and 
locations. 
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The process of calcification occurs extracellularly between the previously 
secreted skeletal material and the basal epidermis by combining calcium cations (Ca2+) 
and carbonate anions (CO32-) forming CaCO3 [Goreau 1959; McConnaughey, 1986; 
Barnes and Chalker, 1990].  Calcium cations enter the coral animal’s calcifying 
submembrane pore space by both active (biological Ca2+-ATPase “pump”) and passive 
(seawater diffusion) transport [McConnaughey, 1986, 1989b; Barnes and Chalker, 1990].  
The active transport pathway is mediated by light (photosynthesis) and is the dominant 
pathway [Goreau and Goreau, 1959; Goreau, 1963].  Skeletogenesis by corals is a 
physiochemically dominated process that depends on the morphology and arrangement of 
the aragonite fibers resembling a crystal morphology that is common to all inorganic 
crystalline systems.  The competition for space as the skeleton is forming impedes the 
growth of other aragonite crystals growing at various angles.  This is an important factor 
because these morphologies are distinct in various scleractinian taxa and between 
individual coral colonies [Barnes and Chalker, 1990].  The rate of skeletal growth of 
corals is a major determinant of the animal’s fitness and regional environmental health.  
Presently, coral calcification is under threat due to anthropogenically driven climate 
change that potentially has a devastating impact on coral reef systems [Kleypas et al., 
2006].  
 
4. Skeletal stable isotopes 
 Geochemical proxies that have been generated through the analysis scleractinian 
coral skeletons include the stable isotopes of carbon (13C/12C) and oxygen (18O/16O) (δ13C 
and δ18O respectively), which are influenced by metabolic and kinetic fractionation.  In 
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symbiotic coral aragonite skeletons used in paleoclimate reconstruction research, δ18O 
[δ18O=per mil deviation of 18O:16O relative to Vienna Peedee Belemnite (V-PDB)] is 
thought to be strictly a function of kinetic fractionation [e.g. McConnaughey, 1986, 
1989b; many others] when measured down the maximum growth axis while δ13C 
[δ13C=per mil deviation of 13C:12C relative to Vienna Peedee Belemnite (V-PDB)] is 
influenced by the more complicated metabolic fractionation [e.g. Swart, 1983; 
McConnaughey, 1989a,b; Muscatine et al., 1989; many others].   
 
4.1. Kinetic fractionation  
Kinetic fractionation in corals is the preferential incorporation of isotopically 
lighter molecules (16O) into non-metabolic reactions during the rate-limiting step of the 
carbon dioxide hydration/hydroxylation reaction [McConnaughey, 1986, 1989b].  Since 
calcification rates are faster than the slower oxygen isotopic equilibration rates between 
carbonate and water in the subsurface membrane space (SMS) of corals, lighter oxygen 
isotopes tend to be precipitated preferentially prior to equilibration with seawater making 
coral skeletal aragonite isotopically lower in δ18O relative to seawater [McConnaughey, 
1989a, b].   
Coral skeletal δ18O variability over time is a combination of fluctuations in SST 
and δ18O of seawater [Cole et al., 1993; Wellington et al., 1996; Evans et al., 1999].  The 
amount of 18O taken up by the coral skeleton is affected by temperature-induced 
fractionation; as SST increases, the δ18O decreases [Epstein et al., 1953; Dunbar et al., 
1994; Wellington et al., 1996; Linsley et al., 1999].  In regions where SST is relatively 
constant such as the western Pacific warm pool (WPWP), coral skeletal δ18O has been 
 7 
shown to be primarily a recorder of SSS variability where coral δ18O decreases as SSS 
also decreases, corresponding to periods of enhanced rainfall or ocean advection 
processes [Linsley et al., 1994, 1999; Tudhope et al., 1995; Urban et al., 2000; Morimoto 
et al., 2002; Iijima et al., 2006; Wu and Grottoli, 2010].  Kinetic fractionation is assumed 
to be relatively constant within a coral species under normal conditions of SSS and SST; 
however, offsets in mean skeletal δ18O has been documented by many researchers 
attempting to replicate the δ18O signal from multiple colonies of a single region [Cohen 
and Hart, 1997; Linsley et al., 1999, 2006; Felis et al., 2003; among others].      
 
4.2. Metabolic fractionation 
Metabolic fractionation is the preferential incorporation of isotopically lighter 
molecules (i.e. 12C) into metabolic reactions believed to occur when CO2 enters the coral 
animal, which has been found to be the main determinant of skeletal carbon isotope 
variability.  As the metabolic demand for carbon increases with coral growth, the pool of 
available 12CO2 in the coral animal becomes relatively depleted causing increases to the 
δ13C signature of corals from isotopic fractionation [Swart, 1983; McConnaughey, 1986, 
1989b, 1997; Muscatine et al., 1989].  Muscatine et al. [1989] explained this metabolic 
fractionation as the “depletion-diffusion” hypothesis, which predicted that as 
zooxanthellae assisted photosynthesis increases, the available carbon pool becomes 
enriched in 13C and depleted in 12C causing skeletal δ13C values to increase.  In addition 
to photosynthesis, the variability of δ13C signature in coral skeletal material is also 
enhanced by heterotrophy on zooplankton from the surrounding seawater [Grottoli and 
Wellington, 1999; Grottoli, 2002].  Factors such as cloud cover can also play a key role 
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in carbon assimilation of symbiotic corals where δ13C signature in coral skeletons has 
been shown to be a recorder of light levels or solar irradiance due to solar induced 
changes in metabolic rate [McConnaughey, 1989a; McConnaughey et al., 1997; Grottoli 
and Wellington, 1999; Grottoli, 2002].  As light level increases (decreases), skeletal δ13C 
in corals also increases (decreases) [Cole and Fairbanks, 1990; Grottoli-Everett, 1998; 
Grottoli and Wellington, 1999; Grottoli, 2002].  Reductions in photosynthesis due to 
bleaching have also been shown to decrease the δ13C signature of corals from loss of 
zooxanthellae and decrease in metabolic processes [Leder et al., 1991; Grottoli et al., 
2004; Rodrigues and Grottoli, 2006]. 
 
5. Trace element incorporation 
Corals also incorporate trace elements into their CaCO3 skeleton reflecting the 
seawater conditions in which it was precipitated.  Elements such as magnesium (Mg2+) 
and strontium (Sr2+) are found in coral skeletons at trace levels and are incorporated into 
the skeleton by substituting for the calcium (Ca) because of their resemblance to Ca2+ in 
aragonitic lattice compatibility.  The inclusions of metals in the aragonite structure of 
coral skeletal material are affected by the complex three-dimensional skeletal 
morphology of the aragonite fibers.  These fibers are ultimately organized into bundles 
within the corallites through competition for space.  Thus, differing micro-structural 
patterns among various coral genera and scleractinian taxa would affect trace element 
incorporation.   
The abundances of divalent cations in seawater that are incorporated into the coral 
skeletal material are proportional to the ambient levels of the elements in the surrounding 
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seawater, thus allowing the Metal/Ca ratio (mmol/mol Ca, µmol/mol Ca) to be used in 
reconstructing past concentrations of that particular metal in seawater.  The basis of these 
ratio relationships stems from (a) the long ocean residence time of Ca and the trace 
elements in question and (b) the assumption that the elemental ratios have not changed 
over the last 100,000 years.  The ratios of trace elements such as Sr and Mg versus Ca 
incorporated into coral skeletons are largely determined by the temperature-dependent 
distribution coefficient between aragonite and seawater [Cohen and McConnaughey, 
2003], where the estimated seawater concentrations of the respective metals vary only 
within an order of magnitude [Shen and Boyle, 1988].  This thermodynamic component 
of trace metal incorporation into coral skeleton is fundamental to the reconstruction of 
past climate.  
The distribution coefficients based on the measured divalent Metal/Ca ratios in 
corals and estimated seawater concentrations of the respective metals indicate that kinetic 
control of the Metal2+ incorporation in corals has a wider range than expected from a pure 
thermodynamic control on the process.  This process was first explained by Kinsman and 
Holland [1969] and reevaluated by Enmar et al. [2000], where the Sr/Ca ratios in the 
inorganic aragonite crystals precipitated from seawater (Sr/Ca = 9.7 mmol/mol at 25°C) 
are not much different from the aragonite precipitated abiotically within the skeletal pore 
spaces (Sr/Ca = ~10 mmol/mol).  These results indicate that the crystals found within 
coral skeletons were precipitated from a solution with a Sr/Ca ratio that is close to that of 
seawater. 
Numerous pioneering works have investigated different elemental ratios in coral 
aragonite skeletons with varying degrees of success [Weber, 1973; Smith et al., 1979; and 
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many others].  Besides Sr and Mg, barium (Ba), cadmium (Cd) and uranium (U) have all 
been shown to be capable of recording past ocean conditions.  Cd measurements in corals 
have documented historical upwelling events, where an increase in the Cd/Ca ratio is 
associated with seasonal upwelling [Shen et al., 1987; Matthews et al., 2006, 2008].  
Calibration and verification studies from Australia using Ba/Ca have been shown to be 
accurate paleo-proxy archives of historical flood and extended rain events [McCulloch et 
al., 2003].  The main focus of this dissertation was to examine the validity and accuracy 
of Sr and Mg incorporation in coral aragonite skeleton as a proxy for tracking SST 
variability.    
 
5.1. Strontium/Calcium in corals 
Strontium ion incorporation in corals has been shown to be a reliable SST proxy 
in some corals [e.g. Beck et al., 1992; McCulloch et al., 1994; Linsley et al., 2000b; 
among others].  Benefiting from the advances in analytical technology, long timescale 
sub-seasonal resolution Sr/Ca time-series have been generated with increased precision 
and sample throughput.  However, increasing evidence has suggested that trace element 
distribution within coral skeleton is also affected by poorly understood biological 
controls termed ‘vital effects.’ 
Beck et al. [1992] showed that Sr/Ca was highly correlated to SST in several 
Pacific Porites lobata corals at sub-seasonal resolution.  The study used thermal 
ionization mass spectrometry (TIMS) for analyses and reached an analytical precision of 
±0.05 °C when calibrated to SST.  The resulting calibration equation of Beck et al. [1992] 
was similar to the relationship of Smith et al. [1979] who performed their analyses using 
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different analytical instrumentation.  Noticeable differences in the slope and intercept of 
these two studies were postulated to be caused by differences in analytical methodology 
and not due to environmental and/or coral growth rates.  The reconstructed SST of Beck 
et al. [1992] was highly correlated to instrumental SST.  A follow-up study utilized the 
modern coral SST calibration equation and was able to reconstruct SST from fossil corals 
[Beck et al., 1997].  Synchronous timing and agreement of the fossil coral records to the 
Greenland Ice Sheet Project II (GISP II) during the post-Younger Dryas warming period 
validated the modern coral Sr/Ca calibration and the usefulness of fossil coral 
temperature reconstructions [Beck et al., 1997].  Other researchers have also shown the 
reliability of Sr/Ca as a SST proxy, independent of growth and calcification effects 
[Alibert and McCulloch, 1997].  Alibert and McCulloch [1997] examined a variety of 
extension/calcification rates and found consistent Sr/Ca-SST relationships with no 
significant correlations to coral skeletal calcification rates.  The authors also found no 
significant differences in Sr/Ca variability across different reef sites on the Great Barrier 
Reef.  Other Pacific coral Sr/Ca-SST calibrations all achieved a slope of ~0.06 
mmol/mol/ºC with reproducibility of coral skeletal Sr/Ca-SST reconstructions within ± 
0.3 °C [Corrège, 2006].   
Even though discrepancies exist between calibrations and temperature 
reconstructions from different regions, many researchers still regard Sr/Ca as a reliable 
paleothermometer.  The differences in calibration have mostly been attributed to 
differences in locale, where a data normalization procedure would minimize the 
differences but also negate the possibility of reconstructing absolute change in SST.   
Data normalization is a plausible way to achieve a unifying calibration equation for 
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Sr/Ca-SST reconstructions over a certain region.  However, Schrag and Linsley [2002] 
cautioned on using corals from different water temperatures (i.e. cold or warm) because 
the difference between sites could be large enough to produce erroneous temperature 
reconstructions.  
One topic of debate regarding Sr/Ca as a SST proxy is the apparent difference in 
calibration curves relative to instrumental SST.  The study by de Villiers et al. [1994] 
found a significant Sr/Ca-SST relationship difference between study sites as large as 2.4 
°C at 25 °C.  Portions of the difference could be attributed to analytical methodology and 
the type of instrumental SST data used for calibration but these factors cannot account for 
the majority of the difference.  Factors such as seawater Sr content have also been 
suggested to influence Sr/Ca variability [Sun et al., 2005].  Gaetani and Cohen [2006] 
suggested the effects of elemental partitioning and efficiency during aragonite 
precipitation from seawater as likely causes of temperature dependence of coral 
skeletons.  Further complicating the use of Sr/Ca as an accurate SST proxy is skeletal 
diagenesis.  Hendy et al. [2007] reported that post-depositional skeletal changes such as 
the formation of secondary aragonite and skeletal micro-dissolution affect not just Sr/Ca 
but also the suite of other trace element proxies causing cooler SST interpretations.  
Recent studies have also successfully detected low levels of diagenesis through thin 
sections of modern corals, where these imperfections are a potential major source of error 
in climate reconstructions [McGregor and Abram, 2008]. 
Despite the debate, multi-coral Sr/Ca replication studies are still rare due to 
sampling, analytical, and fiscal constraints.  The goal of this study was to investigate the 
fidelity of replicated Sr/Ca ratios from two different regions in the tropical Pacific and 
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examine the reliability and usefulness of this trace element as a SST proxy.  The rationale 
behind multi-colony replications was due to the noted discrepancies in Sr/Ca-SST 
calibration and the need to produce more robust records similar to dendrochronology 
methodologies [Lough, 2004; DeLong et al., 2007]. 
 
5.2. Magnesium/Calcium in corals 
Magnesium is another cation incorporated into the aragonite skeleton of 
scleractinian corals.  Using an Ion Microprobe and obtaining data at almost weekly 
resolution, Hart and Cohen, [1996] presented results which showed that Mg/Ca 
variability is highly correlated to Sr/Ca and SST.  Many other calibration studies have 
also reported Mg/Ca variability that correlated with SST variability [Mitsuguchi et al., 
1996, 2003; Wei et al., 2000; Watanabe et al., 2001].  Mitsuguchi et al. [1996] was the 
first to use inductively coupled plasma-atomic emission spectrometry (ICP-AES) to 
determine coral skeletal Mg/Ca ratios demonstrating good seasonal correlation to SST.  
The authors concluded that the Mg/Ca ratio variability was found to be four times more 
sensitive to changes in SST than Sr/Ca.   
Despite these successful studies showing Mg/Ca to be an excellent SST-proxy, 
the fundamental understanding of Mg2+ ion behavior in skeletogenesis has yet to be 
resolved.  Through x-ray absorption fine structure analysis, Finch and Allison [2008] 
reported that Mg ions are not hosted in the aragonite structure or macrocrystalline 
material but rather by a disordered Mg-bearing material.  This material could be organic 
in nature, synthesized by corals, or inorganic (amorphous calcium carbonate) from 
exposure to freshwater which plays a key role in biomineralization of marine organisms.  
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Another study looking at high-Mg locations in the skeletal structure of corals discovered 
the formation of brucite crystals [Mg(OH2)], indicating extreme conditions of formation 
associated with the endolithic algae [Buster and Holmes, 2006].  Since the photosynthetic 
endolithic algae grows upward with the coral host, algal remnants/pigments left behind 
by skeletal extension throughout the skeleton have made sub-sampling problematic due 
to the organic materials [Nothdurft et al., 2005; Buster and Holmes, 2006].  Other studies 
have also shown biological or metabolic effects on Mg/Ca variability where the Mg 
distribution within the skeleton cannot be explained by the changes in SST [Meibom et 
al., 2003, 2004].  This study investigated both the intra- and inter-colony Mg/Ca 
variability of coral colonies from the south Pacific. 
 
6. Coral calcification and trace element incorporation 
Many authors have argued for the importance of a biological controls, such as 
linear skeletal extension or calcification, on Sr ion incorporation into coral skeletons.  As 
a result, some authors observed significant variations in Sr/Ca uptake due to the 
variability of annual extension and calcification rates in corals [de Villiers et al., 1994, 
1995; Cohen et al., 2001; Meibom et al., 2003; Allison and Finch, 2004; Goodkin et al., 
2007].  The biological effects of growth and calcification rates on Sr/Ca thermometry 
have the potential to influence the SST reconstruction by up to 2-3 °C [de Villiers et al., 
1995].  Biological controls in growth rates and ion incorporation between species and 
within a single species have also been shown to affect the Mg/Ca of corals [Mitsuguchi et 
al., 2003]. 
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Meibom et al. [2003] documented near-monthly oscillations in Sr/Ca that were 
directly related to coral biological activity and skeletogenesis, while Cohen et al. [2001] 
found significant differences between daytime and nighttime calcification rates in corals 
and the consequent difference in SST reconstructions.  This difference in daytime and 
nighttime calcification influenced the variability of coral Sr/Ca with the daytime 
deposited ratio being significantly lower than the nighttime ratio.  The calibration curve 
of the two different calcification periods showed daytime Sr/Ca-SST slope being four 
times steeper than that of the nighttime, which led to significantly different temperature 
reconstructions.  The authors argued for biological effects due to photosynthesis, which 
exerted a significant role in calcification and altered Sr ion incorporation.  By utilizing 
density measurement derived calcification rates, this study investigated possible 
biological or growth effects on paleoclimatology calibrations. 
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CHAPTER 2 
Evaluating replicated Porites lobata coral Sr/Ca records from Clipperton Atoll 
(1894-1994) as proxy for sea surface temperature 
 
(The primary results presented in this chapter are included in a manuscript that is 
currently under-revision for Paleoceanography; Sections of the “Introduction” has 
been altered for this dissertation from the manuscript) 
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Abstract 
The temperature dependence of Sr/Ca in coral skeletons necessitates more 
inquiry.  Here, we present replicated monthly-resolution Sr/Ca time-series from three 
Porites lobata coral colonies at Clipperton Atoll (10º18’N, 109º13’W) in the eastern 
Pacific to assess the fidelity of this tracer as a sea surface temperature (SST) proxy.  
Significant relationships were found between individual cores and gridded instrumental 
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SST for the 20-year calibration period (1974-1994) with a 3-core average increasing the 
correlation to SST.  Inter-colony monthly Sr/Ca time-series showed significant 
correlations with the exception of a 12-year section of growth in one colony.  The 
Clipperton 3-core average Sr/Ca time-series exhibits interannual fluctuations recording El 
Niño Southern Oscillation (ENSO) events.  Singular Spectrum Analysis of the coral 
Sr/Ca time-series shows dampened ENSO variability during the well-documented 
“ENSO quiet period” of the 1920s-1940s.  Mean monthly δ18O of seawater (δ18Osw) was 
also reconstructed from previously published skeletal δ18O records on the same cores and 
averaged Sr/Ca of this study.  ENSO-related variability of coral Sr/Ca and δ18Osw 
suggests that a northerly shift in the mean Intertropical Convergence Zone position may 
have occurred during the ENSO quiet period.  An observed warming trend of ~1ºC since 
the 1976/1977 El Niño event is consistent with the “1976 Pacific climate shift” in the 
Pacific Ocean.  These results highlight the benefits of replication and the high degree of 
reproducibility of Sr/Ca in rapidly growing Porites sp. corals. 
 
1.   Introduction  
In the Eastern Pacific, the highest mean annual SST does not occur at the equator 
but in an area 5-10º north of the equator in the eastern Pacific warm tongue and under the 
seasonally-shifting Intertropical Convergence Zone (ITCZ).  Water temperature and the 
position of the ITCZ in the eastern Tropical Pacific are known to be key elements 
affecting climatic conditions in the western Americas [Hubert et al., 1969; Philander, 
1990; Mitchell and Wallace, 1992; Philander et al., 1996]. 
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This study presents a new, partially-replicated, monthly-resolution 101-year coral 
Sr/Ca record using cores from colonies of P. lobata from Clipperton Atoll (10º18’N; 
109º13’W; Figure 2.1).  Clipperton is the eastern-most atoll in the Pacific and is located 
with in the central sector of this region of elevated and stable SSTs in eastern Pacific.  
The three cores were collected from separate live coral colonies in 1994 and replicated 
each other back to 1935.  As there are no other near-equatorial islands between 
Clipperton and the Line Islands at ~160°W, coral records from this site may contain 
valuable paleoclimatic information including interannual and decadal-scale ITCZ 
movements.  The goals of this study were: (a) to examine the reproducibility of P. lobata 
Sr/Ca and assess its utility as a paleothermometer over the period of 1974-1994, (b) to 
construct a 3-core composite record spanning 1935-1994 (extended with single colony to 
1894) in the warm tongue of the eastern Pacific, (c) to investigate the interannual and 
long-term secular trends of skeletal Sr/Ca variability at this location, and (d) to 
reconstruct δ18Osw as a proxy of SSS for comparison against Clipperton Sr/Ca-SST 
records, available regional environmental records, and other published Pacific Ocean 
coral proxy records.   
 
2. Study Site 
Clipperton Atoll (10º18’N, 109º13’W) is the eastern-most atoll in the Pacific, 
with an enclosed brackish lagoon and extreme isolation from human influence.  It is 
~1100 km southwest of Mexico, 5700 km east of the Line Islands, and 1000 km south of 
Islas Revillagigedo.  Located between the seasonally-varying boundary of the North 
Equatorial Current (NEC) and the North Equatorial Counter Current (NECC), the region 
 19 
has a relatively stable SST with annual variations of less than 2ºC (Figure 2.1A) 
[Reynolds, 1988; Reynolds and Smith, 1994].  SST in the region surrounding Clipperton 
averages ~28.5ºC with a seasonal maxima occurring in May (~29ºC) and minima 
occurring in January-February (~27ºC) [Reynolds and Smith, 1994].   
Clipperton Atoll is located within the narrow band of frequent deep atmospheric 
convection (the ITCZ) where the seasonal north-south migration of the ITCZ affects 
precipitation with a distinct wet season from May/June through November.  During the 
rainy season, high precipitation and relatively low SSS dominate the eastern Pacific and 
Central America near the Panama Isthmus.  With the southward migration of the ITCZ 
during boreal winter, a pronounced dry season with high SSS occurs in the region.  This 
region is associated with warm SST while a large area of cooler SST and infrequent deep 
convection occurs near at and south of the equator (equatorial cold tongue).  A strong 
meridional temperature gradient in this region including the equatorial cold tongue exerts 
a direct influence on the strength and location of the ITCZ.   
ENSO variability also directly influences Clipperton.  During a typical El Niño 
(EN) event, Clipperton generally experiences positive SST anomalies, but the relative 
magnitudes of each EN event varies.  Studies have shown that the NECC flow was two to 
three times its normal velocity during the 1982-1983 ENSO event [Hansen and Herman, 
1989].  The relative magnitude of positive SST anomalies during EN events at Clipperton 
do not always agree with the timing and magnitude SST anomalies in the equatorial 
Niño-3 region.  During EN events, the surface ocean around Clipperton warms between 
0.5ºC (1982-1983 and 1994-1995 events) and ~1ºC (1972-1973 and 1991-1992 events).  
El Niño events also affect the rainfall amounts at Clipperton because of its location at a 
 20 
boundary zone of atmospheric high and low pressure, producing complicated 
precipitation patterns which can augment or limit precipitation over the atoll.  
 
3.  Methods 
3.1.   Sampling and chronology 
In April 1994, three colonies of P. lobata growing within 2 km of each other were 
cored at Clipperton (2B collected at 13.1m depth, 4B collected at 8.2 m depth, and 6A 
collected at 11.3m depth).  All were growing near the outer edge of the exposed 
carbonate reef terrace surrounding Clipperton (Figure 2.1B).  Cores were sectioned into 7 
mm thick slabs cut along the major growth axis, cleaned with deionized water in an 
ultrasonic bath for 15 minutes (to remove the saw-cuttings), and air-dried.  Radiographs 
were taken of the cores as a guide for sampling and chronology development.  The slabs 
were previously analyzed for δ18Oc (discussed in Linsley et al. [1999; 2000a]) and 
parallel sampling tracts were made for Sr/Ca measurements.  All three colonies sampled 
show no evidence of growth hiatuses or growth discontinuities with the exception of the 
presence of mm-scale pufferfish and parrotfish bite scars [Linsley et al., 1999].  
Coral skeletal Sr/Ca measurements on every-other 1-millimeter samples were 
completed using an inductively coupled plasma-optical emission spectrophotometer 
(ICP-OES) at Harvard University following the technique described in detail by Schrag 
[1999].  The external precision is better than 0.15% (RSD) based on analyses of replicate 
samples.  Due to irregular Sr/Ca results in a 12-year section of core 4B, the core section 
was scanned under a Zeiss EVO-50 Scanning Electron Microscope (SEM) at Union 
College to study the microstructure.  SEM images over the ~24 cm section were taken on 
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parallel slabs adjacent to the carbonate sub-sampling path.  This section was reanalyzed 
for Sr/Ca on an ICP-OES at Lamont-Doherty Earth Observatory of Columbia University 
(identical instrument as Harvard’s ICP-OES) following the same analytical procedure 
with external precision better than 0.05% (RSD).   
Chronologies for the Clipperton coral colonies were based on annual cycle in 
δ18Oc, Sr/Ca, and skeletal density bands.  In all three colonies, growth banding was 
observed to be horizontal throughout the cores with colony 2B having the most distinct 
annual density bands.  Due to indistinct density banding in 4B and 6A, the chronologies 
for these colonies were based on the mm-scale δ18O and Sr/Ca measurements.  The sub-
seasonal Sr/Ca and δ18O results in the parallel transects were found to be phase-locked at 
zero lag with annual maximum values set equal to January (month of lowest SST) and 
annual minimum Sr/Ca and δ18O assigned to May (month of highest SST).   
Growth rates were not significantly different between colonies, averaging ~20 
mm year -1, with core 2B (1934-1994) averaging 19 mm year -1, core 4B (1894-1994) 
averaging 22 mm year -1, and core 6A (1941-1994) averaging 20 mm year -1.  With these 
growth rates our coral Sr/Ca analyses at every-other 1 mm intervals equates to ~10 
samples year -1. 
Due to the fluctuations in the timing of SST maxima and minima on an annual 
basis, our chronology may contain a 1-2 month timescale error in any given year.  The 
chronologies were further verified by comparison to known ENSO events.  ENSO events 
were identified by historical documents [Quinn and Neal, 1992] and by the 
positive/negative phases of two NOAA Climate Prediction Center indices, the Oceanic 
Niño Index (ONI; available from 
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http://www.cpc.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml) and 
the Southern Oscillation Index (SOI; available from 
http://www.cpc.noaa.gov/data/indices/).  Sub-annual age estimates for all three colonies 
were linearly interpolated into monthly resolution (12 points year -1) using the ARAND 
software package’s TIMER program [Howell et al., 2006] to facilitate comparison 
against monthly instrumental climate data. 
We generated a single replicated Sr/Ca record by averaging the three monthly 
Sr/Ca records from (1942-1994) with omission of the 1958-1970 interval from colony 
4B.  This portion of colony 4B was omitted because of the previously mentioned 
anomalous results relative to the other two colonies and our inability to reconcile the 
discrepancy. 
 
3.2.   Seawater δ18O calculation and Spectral Analysis 
Assuming that coral Sr/Ca at this site is only a function of SST and that δ18Oc is a 
function of both SST and δ18Osw, we applied the δ18Osw calculation method of Ren et al. 
[2002], and generated a composite time-series record from 1894-1994 of reconstructed 
δ18Osw using this study’s Sr/Ca record and the previously published δ18Oc records from 
cores 2B and 4B [Linsley et al., 1999, 2000a].  
To separate the ENSO frequency from lower frequency modes, time-series of 
Sr/Ca, SST, and δ18Osw were analyzed by singular spectrum analysis (SSA) using 
software written by E. Cook (Lamont-Doherty Earth Observatory).  SSA has been used in 
many coral paleoclimatology studies because it is a nonparametric technique based on 
principal component analysis of delay coordinates in vector space [Vautard and Ghil, 
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1989, Vautard et al., 1992].  For the results presented here, the M value (window size) 
chosen was between 7 and 10 years due to our interest in isolating interannual variability.   
 
4.   Results 
4.1.   Coral Sr/Ca Reproducibility and Temperature Proxy Evaluation 
An offset in mean Sr/Ca value (mmol/mol) was present between the three 
Clipperton P. lobata colonies as previously observed in other coral skeletal Sr/Ca records 
[de Villiers et al., 1995; Marshall and McCulloch, 2002; Bagnato et al., 2004; DeLong et 
al., 2007].  The offsets between the cores ranged from a low of 0.04 mmol/mol between 
6A and 4B to a high of 0.09 mmol/mol between 6A and 2B, which would equate to a 
0.5ºC (0.04 mmol/mol) to 1.3ºC (0.09 mmol/mol) difference in temperature 
reconstruction.  Core 2B was found to contain the highest mean Sr/Ca value amongst the 
three colonies analyzed (9.27 mmol/mol), while core 4B had a mean Sr/Ca value of 9.24 
mmol/mol and core 6A had the lowest mean Sr/Ca value of 9.19 mmol/mol.  Despite 
these offsets, the reproducibility of the Sr/Ca variability seen through correlation analysis 
was robust.  The correlation coefficients across the three colonies along with the 
Clipperton average record are shown in Table 2.1.  The highest Sr/Ca correlation at a 
resolution of 12-points per year was between cores 2B and 6A with R= 0.69.  The lowest 
correlation was between cores 4B and 6A with R= 0.34. 
 
Table 2.1: Correlation coefficients across three individual Sr/Ca time-series and the 
Clipperton average record composed of mean values from selected replicated cores.   
 Core 2B Core 6A Core 4B Clipperton Average 
Core 2B -- 0.69 0.44 0.90 
Core 6A 0.69 -- 0.84 0.89 
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Core 4B 0.44 0.84 -- 0.49 
Clipperton Average 0.90 0.89 0.49 -- 
 
 
Coral Sr/Ca-SST calibrations were established at monthly resolution in the three 
colonies along with the replicated Clipperton average Sr/Ca record using the Reynolds 
and Smith Optimum Interpolated SST between 1974 and 1994 (Figure 2.2) [Reynolds 
and Smith, 1994].  For the purpose of this paper it will be referred to as CPC SST.  This 
20-year period was chosen as the calibration interval between skeletal Sr/Ca and regional 
SST because the instrumental dataset and historical record should be the most accurate 
during this period.  The results of simple linear regression between CPC SST and the 
coral records are shown in Table 2.2 along with R2 values (p < 0.01), relationship slope 
(mmol/mol/ºC), and y-intercepts.  Core 2B had the highest correlation (R2 = 0.55) to CPC 
SST, with a slope of 0.0695 mmol/mol/ºC, whereas core 4B had the lowest R2 value 
(0.48), with a slope of 0.0694 mmol/mol/ºC (Table 2.2).  Core 6A had an R2 value of 0.52 
with a slope of 0.0656 mmol/mol/ºC.  The averaged Sr/Ca record produced the highest 
overall R2 value of 0.66 and a slope of 0.0681 mmol/mol/ºC.  As seen in previous studies 
[de Villiers et al., 1994, 1995; Linsley et al., 2000b], the Sr/Ca-SST relationships for 
individual coral colonies contain slightly different y-intercept values (2B= 11.19, 6A= 
11.02, and 4B= 11.15) due to the mean Sr/Ca offsets.  Despite these subtle differences, 
the slopes between the individual cores were all remarkably similar, within 0.0001 to 
0.0038 mmol/mol/ºC of each other. 
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Table 2.2: Clipperton Porites coral Sr/Ca records (mmol/mol) calibration to monthly 
Climate Prediction Center’s Optimum Interpolated SST (Reynolds and Smith, 1994) for 
the common period. 
Core Coefficient of 
Determination 
(R2) 
Slope (mmol/mol/ºC) Y-Intercept 
2B 0.55 -0.0699 11.202 
6A 0.51 -0.0653 10.992 
4B 0.47 -0.0679 11.116 
Clipperton Average 0.65 -0.0679 11.104 
 
 
The centered Sr/Ca values of the three cores are shown with the Clipperton 
average Sr/Ca record in Figure 2.3A-C.  The statistical mean over the 50-year common 
interval (1944-1994) was removed from each Sr/Ca series to distinguish the Sr/Ca 
anomalies irrespective of offsets between colonies.  The section of core 4B between 
~1958 to ~1970 with anomalously high Sr/Ca was re-sampled and reanalyzed with the 
averaged replicated Sr/Ca analyses results shown within the gray box in Figure 2.3.  This 
anomalous section (averaged from two independent replicated analyses) was used in the 
inter-colony Sr/Ca replication analysis (Table 2.1), however, the Clipperton average 
record (Figure 2.3C) and subsequent analysis of SST reconstruction omitted this section 
because of the difference in Sr/Ca results for only this section from the other two 
colonies.  As discussed below, we have not been able to precisely determine why this 
section of core 4B had anomalous Sr/Ca values relative to cores 2B and 6A, but the 
presence of this “anomalous” interval validates the approach of replicating coral-based 
geochemical time-series. 
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To further evaluate the reproducibility across the three independent coral Sr/Ca 
records, the associated 1-sigma error envelope of the centered Clipperton average Sr/Ca 
record is shown (Figure 2.3D) on the left y-axis and on the right y-axis are the derived 
reconstructed SST based on the Clipperton average Sr/Ca calibration.  Monthly SST data 
from the U.K. Meteorological Office Hadley Centre – Global Ocean Surface 
Temperature Atlas (GOSTA) – Global SST and Ice Concentration (GISST) Version 2.2 
[Rayner et al., 2003] was used for comparison to the coral-derived SST record (Figure 
2.3E).  GOSTA-GISST provided 1º-area grid resolutions spanning from January 1903 to 
December 1994 and differs from the 4º-area grid CPC SST that was used for the Sr/Ca-
SST calibration.  Linear correlation analysis between our coral reconstructed SST versus 
GOSTA-GISST was significant (R2= 0.46). 
 The 2-coral average skeletal δ18Oc record (cores 2B and 4B; Figure 2.4A) 
[Linsley et al., 1999, 2000a] was used with the Clipperton average Sr/Ca record to 
reconstruct relative monthly mean δ18Osw variability (Figure 2.4B) at Clipperton Atoll 
following the methods of Ren et al. [2002].  The δ18Oc data from core 4B with anomalous 
Sr/Ca did not have anomalous δ18Oc when compared to core 2B, lending support to our 
conclusion that the anomalously high Sr/Ca results from this section were not due to 
skeletal diagenesis or analytical errors.   
 
4.2.  Time Series Spectral Analyses 
Singular Spectrum Analysis (SSA) was used to isolate the ENSO-band variability 
(~3-8 years) from other significant modes of variability (trend and decadal). Various 
window sizes (M-values) were selected for the different cores to identify the stable 
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eigenset of significant modes of variability (Core 2B, M=10 years; Core 6A, M=7 years; 
Core 4B, M=8 years).   
The ENSO-band variability of all Sr/Ca records, reconstructed δ18Osw, and Niño-3 
Index SSTA [Reynolds et al., 2002] were shown in Figure 2.5.  All three cores exhibit 
similar results in terms of timing of interannual variability, but core 4B displayed large 
amplitude variance in some intervals compared to cores 2B and 6A. (Figure 2.5A).  For 
comparison to a more equatorial region, interannual variability in the Niño-3 SST Index 
is plotted together with reconstructed δ18Osw (Figure 2.5C).  To highlight amplitude 
changes in ENSO-band variability over the entire time-series, 5-year running mean 
variance is plotted below each respective panel (Figure 2.5B and 2.5D).   
The SSA results of the three individual P. lobata Sr/Ca records from Clipperton 
indicates that between 14% and 16% of the variance in each interpolated monthly time-
series is in the ENSO band.  SSA indicates that 19% of variance in the Clipperton 
composite Sr/Ca time-series was in the ENSO-band. The Clipperton reconstructed δ18Osw 
record had 15.7% of total variance in the ENSO-band.  By comparison, 49% of total 
variance in the Niño-3 Index is in the ENSO-band. 
 
5.   Discussion 
5.1.   Replication of Coral Sr/Ca Records and Relationship to SST 
A previous Sr/Ca replication study by DeLong et al. [2007] using New Caledonia 
Porites was able to demonstrate highly reproducible results between coral colonies within 
the same reef.  They also demonstrated that producing an average composite Sr/Ca record 
increased the correlation to instrumental SST.  Our results from Clipperton are similar.  
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The Clipperton Sr/Ca records were highly reproducible (Table 2.1) and the Clipperton 3-
core average Sr/Ca record produced a higher correlation with regional SST (R2= 0.65, p < 
0.01) for the calibration period in contrast to the individual records that produced lower 
regression results (Table 2.2).  The averaging procedure employed in these studies 
increased the signal to noise ratio in the Sr/Ca variability and minimized the differences 
between cores.  
The three Clipperton P. lobata Sr/Ca records display small but significant offsets 
even though they were thought to be of the same species and were living in the same 
surface ocean mixed layer environment.  The coral colonies were identified as P. lobata 
based on colony and corallite morphology [Veron, 2000], however, Porites taxonomy is 
difficult to identify conclusively without genetic testing (beyond the scope of this study) 
due to cryptic patterns of species diversity [Forsman et al., 2009].  If due strictly to water 
temperature, the offsets would equate to a range of 0.5°C (0.04 mmol/mol) to 1.3°C (0.09 
mmol/mol).  Centered results removed the offset and allowed direct comparison of the 
Sr/Ca records (Figure 2.3A-C).  One possible explanation for inter-colony Sr/Ca offset is 
the biological ‘vital effect’ on coral skeletogenesis and calcification as suggested by other 
studies.  Coral growth effects from biological activity related to lunar cycles can alter 
Sr/Ca-SST relationship by ~2ºC [Meibom et al., 2003].  Other distinct daily biological 
changes and metabolic effects occurring at the centers of calcification could have 
impacted the absolute reproducibility of the Sr/Ca records [Cohen et al., 2001].  
However, for these Clipperton corals, it appears that the SST reconstruction from the 
replicated Sr/Ca records was not compromised by possible metabolic differences because 
the expected calibration curves were similar even with constant offsets.   
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Over the calibration period the slopes of the three Clipperton coral SST-Sr/Ca 
relationships (-0.065 to -0.069 mmol/mol/ºC, average = -0.068 mmol/mol/ºC) were very 
similar and reproducible (Table 2.2).  These observations are in agreement with reported 
Sr/Ca-SST slopes from other Pacific Porites sp.  In the western equatorial Pacific, Quinn 
and Sampson [2002] used two different types of regression analysis to establish 
calibration relationships between gridded SST data and New Caledonia coral Sr/Ca 
values with slopes of -0.061 and -0.067 mmol/mol/ºC.  In another New Caledonia study, 
Ourbak et al. [2006] used two different inductively coupled plasma (ICP) analytical 
techniques and found slight discrepancies between SST-Sr/Ca calibration slopes: -0.062 
mmol/mol/ºC (with an ICP-mass spectrometer) and -0.054 mmol/mol/ºC (with an ICP-
atomic emission spectrometer).  These findings were not significantly different from the 
slope of -0.0624 mmol/mol/ºC of Beck et al. [1992] determined at Noumea and Tahiti.  
Further east in the Pacific, Linsley et al. [2004] also reported similar replicated SST-
Sr/Ca calibration slopes for Porites lutea corals collected from Rarotonga (-0.063 
mmol/mol/ºC) and Fiji (-0.055 mmol/mol/ºC), against gridded SST data. 
As indicated in Figure 2.3, and briefly mentioned above, our replication approach 
revealed that a 12-year section of Sr/Ca data in colony 4B from 1958-1970 had 
anomalously high values with respect to temporally overlapped Sr/Ca from colonies 2B 
and 6A.  Instrumental SST for the Clipperton region also did not support a shift to higher 
Sr/Ca in this interval.  Possible explanations for this anomalous Sr/Ca interval were 
evaluated.  The X-ray positive image of this section of core showed no obvious physical 
abnormalities, and when examined under SEM, this core section was not noticeably 
different from the immediately adjacent areas (Figure 2.6).  No visible signs of secondary 
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aragonite needles, other infilling or dissolution was apparent along the entire sampling 
track of this section (Figure 2.6).  Although fish-grazing scars are present in these cores 
as noted by Linsley et al. [1999], there was no obvious increase or decrease in the number 
of scars in this core section.  The high Sr/Ca data in the anomalous section of core 4B 
was apparently not a result of climatic changes or analytical inaccuracy, but is perhaps 
due to localized stress experienced by this particular colony.  Stresses such as diseases 
[Rützler and Santavy, 1983], lack of nutrients, decrease in light intensity, or thermal 
stress [Marshall and McCulloch, 2002] could potentially cause localized breakdown of 
normal growth where Ca2+ and Sr2+ transport to the center of calcification was affected, 
yielding unusual ratios during this period.  The benefit of a multi-coral replication 
approach is indisputable because without replication, this study would have been unable 
to document the anomalous interval within colony 4B, which in turn would yield an 
inaccurate SST reconstruction and oceanographic interpretation. 
 
5.2.   Reconstructed SST and Pacific Climate Change 
The established Sr/Ca-SST calibration relationship from 1974-1994 (Figure 2.2) 
was used to reconstruct regional SST (Figure 2.3D) and compared against GOSTA-
GISST (Figure 2.3E).  Coral Sr/Ca reconstructed SST and GOSTA-GISST had 
comparable maximum temperatures near 30ºC; however, the coral reconstructed SST had 
minimums below 25ºC while GOSTA-GISST never reached below 25.75ºC.  This ~1ºC 
difference in minimum SST range during certain years was likely the factor resulting in 
lower correlation between the two SST datasets. 
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The coral Sr/Ca reconstructed SST at Clipperton from 1935 to 1994 is generally 
in-phase with GOSTA-GISST and consistently replicated the SST variability over 
interannual time-scales.  Across the replicated period, the differences in monthly coral 
Sr/Ca-SST and GOSTA-GISST ranged from less than ~0.5ºC for most years to a 
maximum difference of ~2.1ºC for one month.  There were a number of anomalously 
cold years on the Clipperton reef where the magnitude of change in the Sr/Ca 
reconstructed SST was considerably different than GOSTA-GISST.  The majority of the 
outliers between the datasets occurred during the coldest winter months with coral Sr/Ca 
SST “recording” colder temperatures than GOSTA-GISST in 1946-1947, 1954-1955, 
1964-1965, and 1976.  One possible explanation for the discrepancy between coral 
reconstructed SST and GOSTA-GISST could be due to local SST influence on coral 
skeletal chemistry versus the regional nature of GOSTA-GISST, or to the sparse 
instrumental data in some years given the remote location of Clipperton relative to ship 
traffic.  Despite these minor differences between the coral reconstructed SST and 
GOSTA-GISST datasets, we conclude that Clipperton P. labata Sr/Ca ratios generally 
reflect the changing SST of the surrounding environment and thus provide a robust 
temperature-proxy for this region. 
 
5.3.   ENSO Variability 
The timing of EN/La Niña (LN) events from coral Sr/Ca were determined by 
comparison to the SOI and ONI along with historical ENSO records from Quinn and 
Neal [1992].  The timing and amplitude of EN events as interpreted through changes in 
Sr/Ca-SST were very similar during most events.  However, subtle inter-colony 
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differences were apparent in response to the individual events.  For example, the 
1972/1973 EN event resulted in a change of -0.3 mmol/mol Sr/Ca in core 4B while the 
two other cores only showed a ~ -0.1 – -0.2 mmol/mol change.  Despite these differences 
in magnitude of individual events, the mean and standard deviations were not 
significantly different (within the 1-σ error envelope) in the replicated sections of the 
Clipperton average Sr/Ca record (Figure 2.3).  Our results were similar to the results 
found by Stephans et al. [2004] and DeLong et al. [2007], where inter-colony replication 
studies of other Porites species in the western Pacific showed high reproducibility in the 
timing of individual ENSO events but with differences in event magnitude. 
In general, the phases and periodicities of the individual colonies’ Sr/Ca ENSO-
band frequencies agree with each other as well.  However, the ENSO-band amplitude of 
core 4B was considerably larger than the other cores during certain time periods (Figure 
2.5A).  The EN events that displayed the largest difference between the three cores were 
1957-58, 1965, 1972-73, and 1976, where the maximum amplitude from 4B during those 
years were found to be twice the amplitude of 2B and 6A.  The most recognizable ENSO-
band amplitude difference between 4B and the other colonies was the 5-year period 
starting from the severe EN event of 1972-73 through the anomalous episode of 1976 and 
into the onset of an EN event in 1976-77.  The dissimilar and large fluctuation in the 
ENSO frequency from one colony (4B) to that of the other colonies again highlights the 
importance of producing multiple replicated Sr/Ca proxy records from a single region to 
increase the climatic signal to noise ratio. 
 
5.4.   ENSO Quiet Period   
 33 
The Clipperton Sr/Ca results between the EN events of 1920 to 1936 indicate an 
interval of reduced ENSO activity (Figure 2.5A and 2.5B).  This observation is consistent 
with previous coral-based research in the tropical Pacific, where Cole et al. [1993], Urban 
et al. [2000], and Linsley et al. [2000a] found similarly attenuated interannual variance 
starting in the 1920s.  Other studies have also noted this unexplained ENSO quiet period 
in instrumental and coral-based data with reduced correlation between atmospheric 
pressures and SSTs from ~1920 to the late-1940s [Enfield and Cid, 1991; Tudhope et al., 
1995; Allan et al., 1996]. 
 The decreased ENSO-band variability and covariance in the Clipperton coral 
Sr/Ca reconstructed SST and Niño-3 Index in the 1920s (Figure 2.5A and 2.5C) could be 
the result of an anomalously northern position of the ITCZ in the eastern Pacific or 
perhaps a weakening of the overall strength of the ITCZ or the result of the changing 
ENSO conditions.  The increases in coral Sr/Ca reconstructed SST (Figure 2.3D) at 
Clipperton between ~1920 and 1936 coincided with low covariance of the coral Sr/Ca 
ENSO-band and the Niño-3 Index (Figure 2.5B and D).  A more northerly mean position 
of the ITCZ during this time period would explain the observed warming.  This would 
have resulted in anomalous solar heating over Clipperton and could have caused the 
observed SST increase (Figure 2.3D).  The reduction in ITCZ strength could also be a 
factor since Clipperton is located at a boundary between high and low pressure with 
known inconsistent precipitation patterns during various EN events where the lack of 
convection during the “ENSO quiet period” supports the decreasing strength of the ITCZ.  
The higher δ18Osw (and elevated SSS; Figure 2.4B) and the muted interannual δ18Osw 
variability and low covariance (Figure 2.5C and D) also adds to the argument of a weaker 
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ITCZ strength during the ENSO quiet period resulting in the lack of convection and 
precipitation leading to higher SSS values.   
Linsley et al. [2000a] interpreted reduced interannual δ18Oc variability in 
Clipperton corals during the 1920s and 1930s as due to stronger NECC or perhaps 
migration in the boundary of the NECC and NEC.  The reduced ENSO-band covariance 
of δ18Osw (Figure 2.5D) verifies the lack of interannual variability during this “ENSO 
quiet period,” and also supports the view that this period was a time of intensified NECC 
flow or changing current boundaries.  Since the observed increase in SSS around 
Clipperton could have resulted from a greater influx of higher salinity waters of the 
NECC. 
It is possible that a confluence of multiple factors such as the changing position 
and weakening of the ITCZ along with the shifting equatorial currents caused the SST, 
SSS, and inferred precipitation pattern anomalies surrounding Clipperton and the greater 
Americas during the ENSO quite period.  The coral geochemical results are consistent 
with diminished convection and precipitation due to the possible weakening and 
southward shift of the ITCZ along with the advection of more saline waters of the NECC.  
The changing ITCZ strength and position along with weakened low-level jet stream 
likely caused the SST and convection anomalies, which ultimately led to the anomalously 
cooler SST in the late 1930s and early 1940s towards the end of the ENSO quiet period.  
This also marked the beginning of an intense prolonged drought over much of North 
America known as the “dust bowl.”  These anomalous eastern Pacific climate events 
were likely linked to the same precipitation regime changes seen at Clipperton and the 
reduced variance in the Niño-3 Index (Figure 2.5D) from ~1922 to ~1938, ending with 
 35 
the severe EN event of 1940-41, and indicates a greater Pacific-wide phenomenon rather 
than just a regional manifestation.  
 
5.5.   1976 Eastern Pacific Climate Shift 
Another anomalous event that was noticeable across all three colonies was the 
abrupt cooling that occurred in 1976 and subsequent warming trend post-1977.  The 
“1976 Pacific climate shift” has been noted in instrumental data [Trenberth, 1990; 
Graham, 1994; Hartmann and Wendler, 2005] and paleo-data [Guilderson and Schrag, 
1998].  This abrupt cold event and ensuing warming occurred during the transitional mid-
point between the shift from a negative (-) to a positive (+) phase of the Pacific Decadal 
Oscillation (PDO) and Inderdecadal Pacific Oscillation (IPO).  The distinct warming 
trend began after 1976 and continued to the end of the replicated coral Sr/Ca records 
(Figure 2.3D).  The Clipperton averaged Sr/Ca time-series recorded a gradual depletion 
towards a ratio of ~9.18 mmol/mol in 1994 from an average of ~9.26 mmol/mol in the 
early 1930s.  This change equated to a reconstructed SST warming trend of greater than 
1ºC within the last 40 years of our record.  Following the abrupt cool event of 1976 (< 
25ºC), a shift from the cooler (La Niña-like) regime to a warmer (El Niño-like) regime 
occurred with an increase of ~2ºC reconstructed SST between 1976 and 1977 that 
gradually increased towards an average of ~29ºC in the early 1990s.  Recent coral-based 
reconstructions of SST and δ18Osw from the central tropical Pacific (Line Islands) also 
recorded similar warming (+0.95 to +1.65ºC) and freshening (-0.12 to -0.32‰) trends 
since 1972 [Urban et al., 2000; Nurhati et al., 2009] possibly related to the warming 
witnessed at Clipperton.   
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The cause of this change appeared to be remote forcing from the tropical Pacific 
Ocean, where warmer SST affected the atmospheric teleconnections to the midlatitudes 
[Trenberth, 1990; Miller et al., 1994].  During the winter of 1976-1977, the ocean-
atmosphere climate system over the North Pacific Ocean was also observed to shift 
abruptly [Graham, 1994], as anomalously cool waters were advected from the north 
Pacific into the region surrounding Clipperton.  Observed and simulated hindcast results 
from Miller et al. [1994] support the idea that mid-latitudinal atmospheric changes drove 
the Pacific climate into a new regime.  Galapagos coral radiocarbon results documented 
the 1976 change associated with a change in the equatorial undercurrent source 
[Guilderson and Schrag, 1998].  Coral δ18O from Maiana in the central Pacific also 
showed an abrupt shift towards warmer and wetter conditions in 1976 [Urban et al., 
2000].  It has been debated whether this abrupt climate change of 1976 has contributed to 
a shift in background conditions, thus changing the frequency and intensity of El Niño 
events in the Pacific.  However, ENSO-band variability in Sr/Ca and reconstructed 
δ18Osw time-series at Clipperton showed no apparent changes in frequency or amplitude 
(intensity) of events post-1976.   
The warming and freshening trend observed by Nurhati et al. [2009] in the central 
tropical Pacific since the 1970s was possibly related to the reduction of the Walker 
circulation or the strengthening of the ITCZ, thus propagating “El Niño-like” conditions 
over the equatorial Pacific and leading to a Pacific-wide climate change phenomenon that 
also affected eastern Pacific locations such as Clipperton.  Since the warming trend in 
Clipperton after 1976 was recorded in the Sr/Ca results, the ability of coral Sr/Ca at 
Clipperton to accurately record this PDO phase shift and warming SST trend attests to the 
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high fidelity of Porites cores from this site to accurately record climatic and 
oceanographic changes.   
 
6.   Summary 
Time series of sub-seasonal Sr/Ca variations were generated from cores of three 
rapidly growing P. lobata coral colonies at Clipperton Atoll in the eastern Pacific to 
examine the relationships of Sr/Ca ratios to SST.  Calibration against regional 
instrumental SST (CPC SST) verified the robust relationship between P. lobata Sr/Ca 
and SST.  The 3-core averaged Sr/Ca record yielded an overall R2 value of 0.65 when 
correlated against SST with a slope of -0.0679 mmol/mol/ºC.  For the 3 cores analyzed, 
slopes of the SST-Sr/Ca relationship ranged from -0.065 to -0.069 mmol/mol/ºC with y-
intercept ranging between 10.992 and 11.116, all of which were consistent with past 
studies. 
Isolation of the ENSO-band (3-8 years) in coral Sr/Ca demonstrated coherence 
between the 3-coral Sr/Ca records. There was a substantial decrease in SST ENSO-band 
variability (smaller amplitude) at Clipperton in the early party of the 20th century (1920s 
to 1940s) during the previously documented ENSO “quiet period.”  Implications for this 
abrupt regime shift towards warmer and saltier surface ocean conditions results from a 
combination of atmospheric and oceanic advection processes marking the anomalous 
northward migration and weakening of the ITCZ with the strengthening of the NECC 
towards Clipperton.  Reconstructed δ18Osw displayed similar decrease in amplitude as the 
Sr/Ca-SST records over the same period providing further evidence of the shifting ITCZ 
and changing ENSO conditions during the ENSO quiet period altering the regional SSS.  
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Taken together, these results provide additional evidence for an ENSO background state 
change in the 1920s to the 1950s possibly driven by changes in the equatorial currents. 
The documented shift in background climatology of the Pacific starting in 1976 
was also recorded in the replicated coral Sr/Ca records which equated to a warming trend 
of ~1ºC in the overall record.  This period coincided with the moderate EN event of 1976 
and the phase change of the PDO/IPO and corroborates many results from the Tropical 
Pacific.  Possible causes for this shift include the abrupt change of the eastern Pacific 
thermocline, the changing equatorial undercurrent, and/or possible consequences of 
anthropogenic climate changes.   
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FIGURE 2.1 
 
 
 
Figure 2.1 A) Annually averaged sea surface temperature in the eastern Pacific Ocean 
(World Ocean Database 2005) and B) Clipperton Atoll in the eastern Pacific shown with 
locations of coral collection. 
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FIGURE 2.2 
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Figure 2.2 Individual Clipperton Atoll coral Sr/Ca calibrations over the period of 
1974 – 1994 against Climate Prediction Centre’s SST (blue) for the 4º by 4º grid that 
includes Clipperton (7º-11º N, 108º-112º W) shown along with the 3-core Clipperton 
average Sr/Ca (black). 
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FIGURE 2.3 
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Figure 2.3 Test of inter-colony Sr/Ca reproducibility between the three colonies (A) 
Core 2B, (B) Core 6A, and (C) Core 4B, centered with the common period (1944-1994) 
mean removed.  Gray shaded box in core 4B contains the averaged values of two separate 
independent analyses due to the abnormal results in the Sr/Ca values.  (D) Centered 
Clipperton Average Sr/Ca record on left Y-axis surrounded by the 1-sigma error envelops 
(gray bars) between replicated samples (averaged record extended back to 1894 with core 
4B Sr/Ca record) and coral Sr/Ca reconstructed SST using the calibration relationship 
established in Figure 3 (1974-1994) on right Y-axis, on top of panel D are the 
corresponding numbers of corals used for the composite record.  (E) GOSTA SST plotted 
on the same scale as the coral reconstructed SST.   
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FIGURE 2.4 
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Figure 2.4 (A) Averaged replicated monthly coral δ18O values of colony 2B (1935-
1994) and 4B (1894-1994) from Linsley et al., (2001) for the reconstruction of (B) 
monthly mean δ18O seawater values (1894 – 1994) (Ren et al. 2002) from the Clipperton 
average Sr/Ca of this study. 
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FIGURE 2.5 
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Figure 2.5 Comparison of singular spectrum analysis (SSA) extracted ENSO band 
RC’s (A) Clipperton coral core 2B (solid), 6A (dash), and 4B (gray) Sr/Ca records 
(averaged inter-laboratory results through the anomalous section), (B) 5-year running 
variance of ENSO band variability (2B = solid, 6A = dash, 4B = gray), (C) reconstructed 
δ18O seawater (solid) and Niño-3 Index (dash), and (D) 5-year running variance of ENSO 
band variability (reconstructed δ18O seawater = solid, Niño-3 Index = dash). 
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FIGURE 2.6 
 
 
 
 
 
Figure 2.6 SEM images of coral colony 4B shows no evidence of secondary 
aragonite material or dissolution in the microstructure generating higher Sr/Ca results in 
the ~24 cm anomalous section (1958-1970) than the rest of the coral sample with µm 
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scale bar on bottom left corner of every panel: (A) skeletal material proceeding the 
anomalous 24 cm section of 4B (100 µm scale bar), (B) close-up box of Figure 6A (20 
µm scale bar), (C) approximately ~12 cm downcore within the anomalous section (200 
µm scale bar), (D) close-up box of Figure 6C (20 µm scale bar), (E) approximately ~20 
cm downcore within the anomalous section (200 µm scale bar), (F) close-up box of 
Figure 6E (20 µm scale bar). 
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CHAPTER 3 
South Pacific Convergence Zone variability since 1792 C.E. from replicated coral 
Sr/Ca records in Fiji and Tonga 
 
(Abstract submitted to 10th International Conference on Paleoceanography for 
presentation) 
 
Abstract 
The fidelity of coral skeletal Sr/Ca as a tracer of sea surface temperature (SST) in 
the South Pacific Convergence Zone (SPCZ) was assessed at bimonthly resolution from 
1792 to 2005 C.E. in two Porites lutea colonies collected at Fiji and Tonga.  New Sr/Ca-
SST proxy records from the SPCZ were compared to a previously published monthly-
resolution Sr/Ca record from Fiji, demonstrating a high degree of reproducibility with 
statistically significant correlation relationships.  A 3-coral mean Sr/Ca record increased 
the signal to noise ratio and improved the calibration to Hadley Centre SST with a 
significant relationship of -0.054 mmol mol-1 ºC-1, similar to other reported calibration 
relationships from the tropical Pacific.  Overall, the three Sr/Ca anomaly records 
displayed an enrichment of Sr2+ from the beginning of the record to the 1890s, followed 
by depletion to present levels.  Using the modern calibration, the trend of decreasing 
Sr/Ca anomaly since the 1890s would equate to a warming of ~1 ºC, approximately 
double the ~0.5 ºC warming trend observed in Hadley Center SST records.  This study 
also evaluated regional δ18O of seawater (δ18Osw, a proxy of sea surface salinity, SSS) 
using coral skeletal δ18O (δ18Oc) and Sr/Ca.  Reconstructed δ18Osw faithfully tracked the 
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changes in gridded instrumental SSS over the calibration period of 1976-2001 C.E., 
except for certain intense El Niño Southern Oscillation (ENSO) events (e.g., 1978 La 
Niña (LN), 1986 El Niño (EN), and 1993 EN).  However, the ENSO events do not 
always exert a consistent influence over the reconstructed δ18Osw (e.g., 1997-98 EN).  
Spectral analysis revealed highly reproducible Sr/Ca and δ18Osw variability for both proxy 
records of SST and SSS in the 3-7 year and the 9-17 year bands, consistent with ENSO 
and Pacific Decadal Oscillation (PDO) forcing, respectively.  Interannual variability of 
Sr/Ca anomaly records was generally reproducible, but not all events were of the same 
magnitude and one particular time window (~1880-~1910 C.E.) was not reproducible, 
which was attributed to a time of weakened ENSO variability.  Both the ENSO-band and 
decadal band variability in coral Sr/Ca and δ18Osw at Fiji and Tonga showed recurring 10-
year periods of increased variance beginning around 1925, suggesting surface water 
warming and freshening conditions related to the southeastward expansion of the SPCZ 
towards Tonga, in agreement with previous studies.  
 
1. Introduction 
Located near the southeastern edge of the western Pacific warm pool (WPWP), 
the regional waters of the Republic of Fiji and the Kingdom of Tonga (~15 ºC – ~21 ºS 
and ~174 ºW – ~177 ºE) are influenced by high mean annual SST of the WPWP that is 2-
5 ºC higher than other equatorial regions extending from 100 ºE to 180 º [Halpert and 
Ropelewski, 1992; Yan et al., 1992; Delcroix and McPhaden, 2002].  The WPWP also 
induces low-level atmospheric convergence, which leads to enhanced convection and 
rainfall over the region with a net imbalance of precipitation over evaporation [Barnett, 
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1977].  Fluctuations of the southeastern edge of the WPWP over interannual timescales 
(3-8 years) are related to the changing phases of El Niño-Southern Oscillation (ENSO).  
During El Niño (EN) events, the WPWP is reduced in size and spreads to the east as the 
easterly trade winds relax, resulting in the shoaling of the thermocline in the eastern 
Pacific [Cane, 2005].  The opposite occurs during La Niña (LN) events, where the 
surface easterly winds are intensified over the WPWP leading to local SST increases in 
the western end of the Pacific basin [Cane, 2005].  As many researchers have pointed out, 
ENSO events vary greatly in their formation, severity, and intensity, exemplifying 
ENSO's importance in climate reconstructions [Quinn et al., 1987; Cane 2005].  
Interannual variability is also closely related to the presence of the Intertropical 
Convergence Zone (ITCZ), and its position relative to the equator.  The ITCZ arises from 
the mixing of two tropical cells (Hadley cells) forming a low-pressure equatorial trough 
with resulting convergence of the surface winds inducing cloudiness and precipitation 
[Hastenrath, 1968].  Seasonal migrations of the ITCZ and associated wetter or dryer 
conditions influence both the SST and SSS of the Tropics [Mitchell and Wallace, 1992].   
 In addition to ENSO variability, the Pacific Decadal Oscillation (PDO) is also a 
recurring pattern of ocean-atmospheric variability in which the central gyre of the Pacific 
cool (warm) and at the same time the eastern margin warms (cools), during positive 
(negative) phases.  The changing phases are the identifiers of the PDO index derived by 
Mantua et al. [1997], where positive PDO phases equate to periods of cooler than average 
central north Pacific Ocean SSTs and warmer than average eastern north Pacific Ocean 
SSTs and reversed for negative phases of the PDO.  The alternating phases of the PDO 
can last for multiple decades, with notable phase reversals occurring in 1924/25, 1946/47, 
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and 1976/77.  PDO warm phases often coincide with times of increased frequencies of 
EN events, while PDO negative phases are often associated with increased frequencies of 
LN events.  However, the mechanisms or forcings that contribute to PDO variability are 
still unknown [Mantua and Hare, 2002].  
Of great importance to this study is the occurrence and location of the Pacific 
equatorial frontal zones that separate the relatively warm and fresh waters of the WPWP 
from the cold and saline waters of the rest of the Pacific.  Recent studies have highlighted 
the importance of this temporally shifting salinity front and its relationship with ENSO 
on interannual timescales with follow-up studies expanding the coverage into the 
secondary salinity front south of the equator at ~15 ºS and ~170 ºW [Picaut et al., 1996, 
2001; Gouriou and Delcroix, 2002].  This secondary frontal zone is located under the 
South Pacific Convergence Zone (SPCZ), and is generally oriented from southeast to 
northwest from ~5 ºS, 145 ºE to about 30 ºS, 120 ºW.  Previous studies, including 
Gouriou and Delcroix [2002], have noted a high correlation between the displacement of 
the salinity front by the SPCZ and the Southern Oscillation index (SOI).  Folland et al. 
[2002] developed a SPCZ Position Index (SPI) from the monthly mean sea level pressure 
difference between Suva, Fiji (18 º 9 ’S, 178 º 26 ’E) and Apia, Samoa (13 º 48 ’S, 171 º 
47 ’W).  This new index is highly correlated to the Interdecadal Pacific Oscillation (IPO) 
index, which is the southern Pacific Ocean derived equivalent to the previously 
mentioned north Pacific-derived PDO index.  
Annual variability and progressions of the SPCZ are characterized by above-
normal deep atmospheric convection during austral winter and below-normal convection 
during austral summer, which is dominated by regional SST [Vincent, 1994].  During an 
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EN event, the SPCZ shifts north and west from its mean position and joins the ITCZ in 
the central-west Pacific [Vincent, 1994].  This leads to cooler and drier conditions over 
the south Pacific as SST and precipitation decrease while SSS increases (Figure 3.1A and 
B).  The opposite occurs during LN events, as an intensified SPCZ shifts south and east 
(away from the ITCZ), increasing precipitation and SST while decreasing SSS (Figure 
3.1A and B) [Vincent, 1994; Gouriou and Delcroix, 2002].  In addition to rainfall 
shortages during EN events in the south Pacific, the northwestward movement of the SSS 
front bringing more saline waters towards the equator is opposite to the eastward flow of 
the equatorial SSS front [Gouriou and Delcroix, 2002].  Due to sparse oceanographic data 
collected in the south Pacific, coral-based climate reconstructions from this region 
provide essential information to further the understanding of SST, SSS, and SPCZ 
variability over longer timescales.   
In this study, new bimonthly resolution Sr/Ca records of two Porites lutea 
colonies from the Republic of Fiji and the Kingdom of Tonga in the southwestern Pacific 
(~15 – ~21 ºS and ~174 ºW – ~177 ºE; Figure 3.1) were replicated back to 1850 C.E.  
The goals of this study were (a) to examine the reproducibility of Sr/Ca in P. lutea and 
assess its fidelity as a paleo-SST proxy over the period of 1792-2005 C.E., (b) to 
reconstruct a 3-core averaged regional Sr/Ca-SST record with the inclusion of a 
previously published monthly Sr/Ca record from Fiji (colony 1F) that extends from 1780-
1997 C.E., (c) to reconstruct δ18O of seawater (δ18Osw) as a proxy of SSS for comparison 
against the Sr/Ca-SST records, and (d) to investigate the lower frequency variability and 
trends in Sr/Ca and reconstructed δ18Osw records.   
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2. Materials and Methods 
2.1. Coral sampling and chronology development 
The P. lutea coral colonies were collected in the SPCZ from the Republic of Fiji 
(December 2001) and the Kingdom of Tonga (November 2004).  The P. lutea colony 
from Fiji (AB) was growing at 10 m depth in Savusavu Bay, Vanua Levu, Fiji (16º 49’ S, 
179º 14’ E; Figure 3.1C) with a total of 3.89 m of continuous skeletal material core 
recovered (originally discussed in Linsley et al. [2006]).  The Tonga P. lutea colony 
(TH1) from the island of Ha’afera (19º 56’ S, 174º 43’ W; Figure 3.1D) was growing at 
~1 m below the surface at low tide where a 3.28 m long core from the dead distal surface 
and a 67 cm long core from the live lateral surface of the colony were collected [Linsley 
et al., 2008].  Linsley et al. [2008] was able to use the intra-colony skeletal δ18O (δ18Oc) 
values by splicing together the data of the two cores using known EN events.  The distal 
and lateral surfaces of a some single coral colonies have been shown to exhibit oxygen 
isotopic disequilibrium because of different sunshine availability between the two 
surfaces with the faster growing surface being relatively depleted in 18O [McConnaughey, 
1989].  However, TH1 did not display such disequilibrium in the interpolated stable 
isotope and Sr/Ca records and confirms the methodology (Figure 3.2). 
Coral cores were cut into ~7 mm thick slabs along the major growth axis using a 
tile saw, cleaned in deionized water in an ultrasonic bath, and air-dried at room 
temperature.  X-radiographs were taken of the cores to reveal the density banding of the 
colony as a guide for sampling and chronology development.  The high-density banding 
of these corals was secreted in the warmest times of each year (February/March) 
coinciding with maximum SST [Linsley et al., 2004, 2006, 2008].  Sampling tracks along 
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the maximum growth axes of each core were determined using the x-radiograph images 
and the slabs were sampled at 1-mm intervals for the entire core using a micro-drill with 
a 1-mm round diamond drill bit. 
Coral skeletal Sr/Ca measurements were collected at every-other mm resolution 
(~5-7 samples per year) in both colonies.  For each sample, 500 µg of homogenized coral 
powder were dissolved with 2 mL Optima Grade HNO3 in acid-cleaned microcentrifuge 
tubes to achieve 100 ppm of [Ca] per sample and analyzed for trace elements.  The 
analyses were performed at the Lamont-Doherty Earth Observatory of Columbia 
University using an inductively coupled plasma–optical emission spectrophotometer 
(ICP-OES), following the technique described in detail by Schrag [1999] and modified 
for the Lamont-Doherty ICP-OES (See Appendix).  Repeat measurements of laboratory 
standards demonstrated analytical precision better than ±0.05 standard deviation with a 
relative standard deviation of 0.57%.  
The chronologies for each individual colony were based on a combination of 
identification by annual SST cycle variations, skeletal annual density bands, Sr/Ca 
variability, and previously published δ18Oc records [Linsley et al., 2006, 2008].  The 
chronologies were further verified by comparison to known ENSO events as classified by 
the Oceanic Niño Index (ONI; 
http://www.cpc.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml).  The 
geochemical records (Sr/Ca and δ18Oc) of each individual colony were phase-locked at 
zero lag to reconstruct the chronology by setting the annual minimum value to February 
(month of highest SST) and the annual maximum value to September (month of lowest 
SST).  Due to the fluctuation of SST maxima and minima on an annual basis, our derived 
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chronology may contain up to a 1-2 month timescale error in any given year.  Sub-annual 
age estimates for both coral colonies were linearly interpolated into 6 points per year or 
bimonthly data using the ARAND software package TIMER program [Howell et al., 
2006] based on the approximate every-other millimeter resolution equating to averaged 
annual sampling of ~5 samples per year (~10 mm per year) to ~7 samples per year (~14 
mm per year).  This interpolation facilitated comparison against monthly instrumental 
climate data and did not affect the interpretation of the results. 
 
2.2. δ18O of seawater calculation and Spectral Analysis 
Assuming that coral Sr/Ca at this location fluctuates only as a function of SST and 
that δ18Oc is only a function of both SST and δ18Osw, new time-series records of 
reconstructed δ18Osw as a proxy of SSS variability from two P. lutea colonies were 
derived based on the method of Ren et al. [2002].  The relationship used for the 
reconstruction was 0.3 ‰ (VPDB) determined by Linsley et al. [2004] for Fiji.  The 
proxy records (Sr/Ca and δ18Osw) compiled from this study were then analyzed with a 
singular spectrum analysis (SSA) software program written by E. Cook (Lamont-Doherty 
Earth Observatory) to separate the embedded frequency modes such as ENSO (3-7 
years), decadal (9-17 years), and the overall trend (seasonal).  SSA has been used in 
many coral paleoclimatology studies because it is a nonparametric analysis based on 
principal component analysis of delay coordinates in vector space [Vautard and Ghil, 
1989; Vautard et al., 1992].  
 
3.   Results 
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3.1.   Coral Sr/Ca-SST calibration 
After matching the intra-colony Sr/Ca records of both Tonga colony TH1 cores to 
known ENSO events and monthly SST, the merging of the two cores was completed in 
the overlapping of the cores from 1977 to 1982 (also see Linsley et al. [2008]; Figure 
3.2).  The Sr/Ca values of the two cores were remarkably similar without offset in this 
interval, providing confidence that the merging of the two cores was without major fault 
and the chronology was reasonably accurate.  
Mean linear skeletal extension rate in the two P. lutea cores (Tonga TH1 and Fiji 
AB) from this study and an additional Fiji colony collected in close proximity of AB (Fiji 
1F) ranged from ~9 mm per year to ~18 mm per year.  Fiji 1F contained the highest mean 
Sr/Ca value of the three colonies analyzed (9.27 mmol/mol, standard deviation 
(SD)=0.081), while Fiji colony AB had the lowest mean Sr/Ca value (8.89 mmol/mol, 
SD=0.064).  In the middle was the Tonga colony, TH1, with mean Sr/Ca of 9.06 
mmol/mol (SD=0.123).  The inter-colony offsets were similar to previously reported 
results between coral skeletal Sr/Ca from other tropical Pacific sites that noted 
differences due to analytical methodology and species-specific effects [de Villiers et al., 
1995; Marshall and McCulloch, 2002; Bagnato et al., 2004; DeLong et al., 2007].  The 
offset of 0.37 mmol/mol between the two Fiji colonies would equate to an unrealistic 
temperature reconstruction difference of 10 ºC based on the Sr/Ca-SST calibration 
derived in this study, or ~6 ºC based on the commonly accepted Sr/Ca-SST calibration of 
-0.06 mmol/mol/ºC.  
The Sr/Ca time series of the three individual colonies and the replicated 3-core 
mean Sr/Ca record were interpolated into bimonthly values and calibrations to SST were 
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established at bimonthly resolution using the 1º latitude-longitude grid of U.K. 
Meteorological Office Hadley Centre Sea Surface Temperature dataset (HadSST) 
between 1950-2005 C.E. [Rayner et al., 2003].  This period was chosen as both the 
calibration and validation interval because the instrumental/satellite dataset and historical 
in situ measurements have been optimized for consistency during this period.  Linear 
regression between HadSST and Sr/Ca time-series are shown in Table 3.1, including the 
R2 values, relationship slope (mmol/mol/ºC), and y-intercepts.  Tonga TH1 bimonthly 
Sr/Ca had the highest correlation of all three colonies (R2 = 0.62) to HadSST, with a 
slope of -0.071 mmol/mol/ºC (Figure 3.3A).  Fiji AB had the lowest R2 value (0.34) with 
a slope of -0.034 mmol/mol/ºC and Fiji 1F had an R2 value of 0.53 with a slope of -0.052 
mmol/mol/ºC (Figure 3.3A).  The 3-core mean bimonthly Sr/Ca record calibrated to 
mean Fiji-Tonga HadSST had a R2 value of 0.55 and a slope of -0.054 mmol/mol/ºC 
(Figure 3.3A).  Y-intercept values varied from a low of 9.787 for Fiji AB to a high of 
10.927 for Tonga TH1.   
 
 Table 3.1: Fiji and Tonga Porites coral Sr/Ca records (mmol/mol) calibration to 1º x 
1º grid of Hadley Centre SST (ºC) by linear regression including separate calibrations for 
the bimonthly anomaly records.    
 
 Coefficients of 
Correlation (R2) 
Slope 
(mmol/mol/ºC) 
Y-Intercept 
Tonga TH1 Sr/Ca 0.62 -0.0071 10.927 
Fiji AB Sr/Ca 0.34 -0.034 9.787 
Fiji 1F Sr/Ca 0.53 -0.052 10.63 
3-Core Mean Sr/Ca 0.55 -0.054 10.495 
Tonga TH1 Sr/Ca Anomaly 0.14 -0.054 -0.0478 
Fiji AB Sr/Ca Anomaly 0.09 -0.0372 -0.0148 
Fiji 1F Sr/Ca Anomaly 0.10 -0.0375 -0.0323 
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3-Core Mean Sr/Ca Anomaly 0.22 -0.0444 -0.0318 
 
 
To minimize the differences between datasets (including concerns of inter-colony 
offset), a second Sr/Ca-SST calibration was done using bimonthly anomaly records that 
were calculated through differencing of the bimonthly averages thus removing the annual 
cycle for each Sr/Ca time-series.  This was completed for both the Sr/Ca and HadSST 
records.  Further analyses in this study were conducted using these anomaly records.  
Over the same calibration interval, linear regression analyses revealed highly 
reproducible slopes of -0.0372 mmol/mol/ºC for Fiji AB (R2=0.09) and -0.0375 
mmol/mol/ºC for Fiji 1F (R2=0.09; Table 3.1; Figure 3.3B).  Similar to the non-anomaly 
calibration, TH1 still contained the highest correlation of all three colonies (R2 = 0.14) 
with an elevated slope relative to the others (-0.054 mmol/mol/ºC; Table 3.1; Figure 
3.3B).  The 3-core mean Sr/Ca anomaly record increased the signal to noise ratio and was 
found to have the highest R2 value of 0.22 and a slope of -0.044 mmol/mol/ºC when 
calibrated to HadSST anomaly (Figure 3.3B).  The individual time-series of Sr/Ca and 
HadSST anomaly over the calibration interval (1970-2005 C.E.) are shown with EN and 
LN events noted in Figure 3.4A for Tonga and Figure 3.4B for Fiji.  The averaged Fiji 
and Tonga HadSST anomaly over the calibration interval was also plotted against the 3-
core Sr/Ca-based reconstructed SST anomaly in Figure 3.4C.   
 
3.2. Reproducibility of Sr/Ca-SST Proxy 
The Sr/Ca anomaly time-series of the three individual colonies are shown from 
1792-2005 C.E. with the polynomial trend line (3-cores overlapped to 1850 C.E., and 2 
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cores to 1792 C.E.; Figure 3.5A and B).  The 3-core mean Sr/Ca anomaly record is 
shown to further evaluate the reproducibility across the three independent coral Sr/Ca 
anomaly records (Figure 3.5C).  Independent 1º by 1º gridded HadSST of Fiji and Tonga 
were also displayed with a polynomial trend line (Figure 3.5D).  Figure 3.6 shows the 2-
year filtered Sr/Ca anomaly record for each colony, which minimizes slight chronological 
differences, and the 5-year variances of each Sr/Ca anomaly record.  Inter-colony 
correlations between Fiji and Tonga are shown on Table 3.2.   
 
Table 3.2: Correlation coefficients across three individual Sr/Ca anomaly time-series 
from Fiji and Tonga and the 3-core mean Sr/Ca anomaly record. 
 
 Tonga TH1 Fiji AB Fiji 1F 3-Core Mean 
Tonga TH1 -- 0.24 0.30 0.84 
Fiji AB 0.24 -- 0.26 0.61 
Fiji 1F 0.30 0.26 -- 0.68 
3-Core Mean 0.84 0.61 0.68 -- 
 
 
3.3. Coral skeletal δ18O and reconstruction of δ18O of seawater as proxy of SSS  
Previously published δ18Oc records of the three south Pacific colonies [Linsley et 
al., 2008] were recalibrated to HadSST to establish new δ18Oc-SST relationships (-0.09 to 
-0.164 ‰/ºC; R2=0.26 to 0.57; Figure 3.7A).  The δ18Oc relationships to the 2° latitude by 
10° longitude gridded instrumental SSS from Gouriou and Delcroix [2002] over the 
calibration period of 1976-2001 C.E. were also consistent  (~0.3 ‰/psu; R2=0.22 to 0.29; 
Figure 3.7B).  The time-series records of Fiji and Tonga δ18Oc display depletions 
reflecting the changing SSS with EN and LN events that was previously noted by Linsley 
 58 
et al. [2008] (Figure 3.8).  The separate relationships of SST and SSS from the δ18Oc 
records were used in conjunction with the Sr/Ca records to reconstruct relative monthly 
mean δ18Osw variability recorded in the Tonga (Figure 3.9A) and Fiji (Figure 3.9B) cores 
following the methods of Ren et al. [2002].  Analyses of correlation and robustness of fit 
between the reconstructed δ18Osw and SSS showed offsets between the time-series and 
correlation coefficients ranging from a low of 0.58 for Fiji 1F to a high of 0.64 for Tonga 
TH1 (Figure 3.9C).  Annual reconstructed δ18Osw was calculated over the time period of 
each individual colony and showed reproducible variability between years (Figure 
3.10A), which was verified by the identical peaks in the cumulative 5-year variance 
(Figure 3.10B). 
 
3.4.  Time-Series Spectral Analyses 
Singular spectrum analysis (SSA) was used to isolate the spectral characteristics 
of the coral Sr/Ca anomaly records.  The significant modes of variability (stable eigenset) 
of the individual Sr/Ca time-series in the ~3-8 year range were grouped and defined as 
the ENSO-band, and the modes in the 9-17 year range were grouped and defined as the 
decadal band.  A spectral analysis window size (M-values) of 20 years was selected.  The 
ENSO-band variability in the Sr/Ca anomaly records exhibited consistency in both timing 
and amplitude to each other and to the variability of the Niño-4 Index SSTA (Figure 
3.11A and C) [Reynolds et al., 2002].  To highlight the similarity in the ENSO-band over 
the length of each record, 10-year cumulative variance is plotted below each respective 
panel in Figures 3.11B and 3.11D.   
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The Sr/Ca anomaly decadal band results also displayed reproducible timing and 
phase changes except from 1830-~1860 that contained observed differences (Figures 
3.12A and B).  The Niño-4 SSTA decadal band had dramatically different timing and 
phase changes as compared to the Sr/Ca anomaly records (Figure 3.12C and D).  The 
individual Sr/Ca records from Fiji and Tonga indicated variance of the ENSO-band 
accounting for 19% to 27% of the total variance and the decadal band accounting for an 
additional 10% to 14% of the total variance.  29% of the total variance in the Niño-4 
SSTA data was in the ENSO-band and 26% for the decadal band.  The reconstructed 
annual δ18Osw also displayed mostly reproducible ENSO- and decadal band variability 
that were coincident with the changes seen in Sr/Ca and Niño-4 SSTA over the length of 
the records (Figure 3.13).    
 
4.   Discussion 
4.1.   Replication of coral Sr/Ca records and relationship to SST 
This research has addressed the major concern presented by Lough [2004], 
namely that replicated multi-decadal geochemical tracer time-series generated from coral 
colonies needed to be developed in a method similar to dendrochronology studies.  The 
reproducible coral Sr/Ca anomaly records from Fiji and Tonga support previous Sr/Ca-
SST proxy replication studies from Clipperton Atoll [Wu et al., in revision] and New 
Caledonia [Delong et al., 2007] that demonstrated highly reproducible Sr/Ca results 
between coral colonies within the same reef. 
In all three studies referenced above, a composite mean Sr/Ca anomaly record 
increased the correlation to SST.  Averaging of the Sr/Ca records increased the signal to 
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noise ratio and minimized the differences between colonies.  The initial calibration of 
Sr/Ca to HadSST without the removal of seasonality exhibited significant offsets, even 
though the colonies were believed to be of the same species (P. lutea) and were living in 
similar surface ocean environments.  Inter-colony results from the same bay and reef in 
Fiji produced regression relationships with differences in slope (-0.034 mmol/mol/ºC for 
AB and -0.052 mmol/mol/ºC for 1F; Figure 3.3A), which would equate to a 0.3 ºC 
difference in temperature reconstruction based on the commonly accepted calibration of -
0.06 mmol/mol/ºC [Corrège, 2005].  Upon the removal of seasonality, the inter-colony 
differences between the Fiji colonies were eliminated.  The anomaly data presented 
highly reproducible slopes of -0.0372 mmol/mol/ºC (R2=0.09) and -0.0375 mmol/mol/ºC 
(R2=0.10) for Fiji AB and 1F, respectively (Figure 3.3B).  This new procedure also likely 
removed the preexisting offset due to inter-laboratory and instrumentation differences 
(Fiji AB analyzed at LDEO-Columbia for this study; Fiji 1F analyzed in the laboratory of 
Dr. D. P. Schrag, Harvard University [Linsley et al., 2004]).  The normalization 
procedure would have also removed the slight inter-colony Sr/Ca offset that has been 
previously attributed to biological ‘vital effect.’  The 3-core mean Sr/Ca anomaly record 
calibration improved the individual colony calibrations, which further validates and 
encourages the application of multi-colony replication methodology to improve 
paleoclimatology reconstructions. 
The non-normalized Fiji and Tonga 3-core mean Sr/Ca-SST relationship of -0.054 
mmol/mol/ºC was the same as that reported from other south Pacific Porites Sr/Ca-SST 
relationships, validating the use of this proxy relationship for the reconstruction of 
climate [Ourbak et al., 2006; DeLong et al., 2007].  By using the anomaly records for 
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calibration, the linear regression relationship (R2) decreased since the annual cycle was 
no longer present and conformed to paleoclimatology studies of normalizing time-series 
records for direct comparison.   
 
4.2.   Reconstructed SST and south Pacific climate change since 1792 C.E. 
The Sr/Ca-SST anomaly calibration relationships of Fiji and Tonga from 1950-
2005 C.E. were investigated for accuracy in reconstructing regional SST anomaly and 
were compared to the HadSST anomaly (Figure 3.4).  Coral Sr/Ca variability accurately 
recorded EN/LN events (determined by the ONI) over the calibration period with Sr/Ca 
depletion (enrichment) during times of LN (EN).  Similar timing of EN and LN events 
were recorded in the Sr/Ca records and interpreted as simultaneous changes in Sr/Ca.  
However, inter-colony differences were apparent in direct response to individual EN/LN 
events.  For example, the severe 1972/1973 EN event resulted in an observed enrichment 
of ~0.22 mmol/mol equating to a ~4 ºC change in SST from 1971 to 1973 in Tonga, 
while the Fiji colonies recorded a change of ~0.08 to ~0.12 mmol/mol equating to a 
change of ~2-3 ºC in SST (Figure 3.4).  Over the entire calibration period, coral Sr/Ca 
anomaly appeared to contain larger temperature ranges than those observed in the Fiji 
and Tonga Hadley SST anomaly records (Figure 3.4A and 3.4B).  When the derived 
calibration relationship was used to reconstruct a 3-core regional SST anomaly (Figure 
3.4C), the absolute range of the averaged Fiji and Tonga HadSST anomaly was greater 
than ±0.2 ºC during certain years.  One possible reason for this difference could be due to 
the regional gridded SST data product used for the calibration compared against local 
temperature changes of a shallow reef site.  The magnitude differences of individual 
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ENSO events and reconstructed/instrumental SST points to the fact that inter-colony 
replication studies are crucial to validate temperature calibrations and support the longer-
term reconstruction of SST [Stephans et al., 2004; DeLong et al., 2007]. 
Prior research from Rarotonga (Cook Islands, 22 ºS, 160 ºW) and Fiji recorded 
large SST trends based on Sr/Ca calibrations that included instabilities/discontinuities in 
the Sr/Ca-SST relationship over the length of the reconstruction period, which was 
coherent with the results from this study [Linsley et al., 2004, 2006].  If the Sr/Ca 
anomaly records are taken as accurate SST proxies, then the identical Sr/Ca depletion 
trends witnessed across the three colonies since the late 1880s would equate to a ~1 ºC 
warming in the south Pacific (Figure 3.5A and B), which matched the observed coral 
Sr/Ca-based warming trend at Fiji calculated by Linsley et al. [2006].  However, the Fiji-
Tonga HadSST anomaly records show a warming trend since 1890 that was only half the 
observed coral Sr/Ca anomaly trend equating to an increase of only ~0.5 ºC (Figure 
3.5D).  This discrepancy could be attributed to the fact that the HadSST is an average for 
the entire 1º x 1º grid, which could have possibly smoothed out the extreme SST changes 
experienced at the shallow coral sites.  
Contrary to the coherence and reproducibility exhibited in the Sr/Ca anomaly 
records from Fiji and Tonga, observations made at Rarotonga showed a long-term trend 
in coral Sr/Ca-SST that appear to indicate a decrease in SST towards modern day values 
[Linsley et al., 2006].  Since the inter-colony Sr/Ca anomaly records from Fiji and Tonga 
were not significantly different (i.e., the calculated standard deviation over the 3-core 
replication period (1849-2003) was within the 1-σ error envelope), the significant 
difference was perhaps not environmental in origin, agreeing with the conclusion reached 
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by Linsley et al. [2006].  Another plausible explanation could be that the corals are 
magnifying the size of the warming trends that is unrelated to the changing SST at the 
reef site which might include growth effects or some unknown ‘vital effect.’  These 
results further supported the reasoning behind the replication methodology in order to 
reveal the true prevailing regional environmental conditions and accurate climate 
reconstruction.  It was also possible that the Sr/Ca-SST relationship in the south Pacific 
has not remained constant over the last 380 years as suggested by Linsley et al. [2006] 
since the three colonies (Fiji AB, Fiji 1F, and Tonga TH1) showed slight trends towards 
enriched Sr/Ca values from 1792 to the late 1880s, which was interpreted as cooling 
trends in Fiji and Tonga.  
Further verifying the stability of the SST proxy time-series over the length of each 
record, 2-year filtered Sr/Ca anomaly records support the unfiltered results and contain 
comparable depletion (warming) trends (Figure 3.6A).  Overall, the 5-year variance of 
the Sr/Ca anomaly records highlight the advantages of reproducing multi-colony records, 
since most of the variability is reasonably replicated.  Exceptions must be considered 
because not all of the high levels of variance were in agreement, especially in the Tonga 
record.  For example, the Tonga TH1 Sr/Ca anomaly record shows elevated variance 
from ~1930 to 1935 that was almost 8 times the Sr/Ca anomaly magnitude witnessed in 
the replicated records from Fiji, as well as the high variance from 1910-1920 that did not 
appear in the Fiji records (Figure 3.6B).  Irrespective of the minor differences between 
the colonies, it could be concluded that south Pacific P. lutea Sr/Ca ratios sufficiently 
reflect the changing SST of the surrounding environment and thus provide a robust 
temperature proxy for this region in direct agreement with previous results [DeLong et 
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al., 2007].  The increased variance of the Sr/Ca anomaly records since the 1860s indicates 
the increasing southward displacement/movement of warmer SSTs toward Tonga and 
suggests that the dominant conditions in recent decades have become more La Niña-like 
in the southwestern Pacific (Figure 3.1A). 
 
4.3.   Reconstructed δ18Osw variability and calibration to in-situ SSS 
As shown in previous investigations using the δ18Oc record from these three 
colonies calibrated to SST [Linsley et al., 2004; 2006; 2008], the relationship were 
similar with slight offsets between colonies (Figure 3.7A).  The relationship of δ18Oc to 
SSS (~0.3 ‰/psu; Figure 3.7B) over the calibration of period of 1976-2005 was very 
similar to the established tropical Pacific relationship of 0.27 ‰/psu from Fairbanks et al. 
[1997].  The time-series plots of δ18Oc displayed clear annual cycles that were muted in 
the SSS records (Figure 3.8).  Overall, the synchronous interannual changes of SSS and 
δ18Oc displayed relating to the changing surface ocean conditions were recorded (Figure 
3.8).  A multi-coral δ18O record from Fiji, Rarotonga, and Tonga indicated that δ18Oc 
fluctuations were dominated by the movement of the salinity front and supported the use 
of paired geochemical measurements to reconstruct SSS beyond the ability of 
instrumental and in situ records [Linsley et al., 2006, 2008].   
The newly reconstructed δ18Osw records from Tonga and Fiji (calculated from 
Sr/Ca and δ18Oc calibrations to HadSST) provided a robust SSS proxy that reliably 
tracked the interannual changes of SSS at each location (Figure 3.9).  However, the inter-
colony reconstructed δ18Osw records displayed site-specific offsets between Tonga and 
Fiji that were also observed between Tahiti and Indonesia [Cahyarini et al., 2008].  It is 
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possible that the new reconstructed δ18Osw records contained some of the univariate 
regression equation biases noted by Cahyarini et al. [2008] because the datasets could 
have contained systematic biases and errors caused by the annual cycles in δ18Osw 
reconstruction. 
The multi-colony annual reconstructed relative change in δ18Osw (proxy of SSS) 
displayed increasing cumulative variance since the 1860s, which was likely caused by the 
interannual shifts of SSS towards the southeast from Fiji to Tonga but does not display a 
long-term freshening trend (Figure 3.10B).  This shift has been inferred to be an 
expansion of the SSS front under the SPCZ over the past 100 years, which has been 
extending towards Tonga from the northwest (Figure 3.1B).  A prior study from this 
region have also reconstructed δ18Osw variability and suggested a shifting of the SSS front 
between Fiji and Rarotonga because of the good agreement between δ18Osw and SSS 
[Linsley et al., 2006].  Since the relative range of the annual reconstructed δ18Osw 
between colonies (Figure 3.10A) did not remain consistent over time and was generally 
not reproducible, our new SSS proxy analyses does not agree with previous conclusions 
of expansion and migration of the SPCZ and associated salinity front towards Tonga.    
 
4.4.   ENSO and Decadal variability in the South Pacific Convergence Zone 
Another key objective of this research was to utilize Sr/Ca incorporation 
information to track the movement of the SPCZ over interannual to interdecadal 
timescales.  Over the entire replication period spanning 1792-2003 C.E., the ENSO-band 
variability in the Sr/Ca records from the three colonies are in-phases with the exception 
of a brief 25-year period from 1880-1905 that was not reproducible (Figure 3.11A).  
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Temporal changes in the amplitude of Sr/Ca ENSO-band variability are also generally in 
agreement across all three colonies, except for the large difference observed in Tonga 
TH1 between 1925-1935 (Figure 3.11A).  One possible reason for this discrepancy may 
be related to the very severe EN events of 1925-26 and 1932 [Quinn and Neal, 1992], 
which may have had exerted general stress on coral growth and impeded normal trace 
element incorporation.  These differences in the ENSO frequency further emphasize the 
importance of generating replicated coral-based proxy records from a single region in 
order to resolve anomalous results of a single colony. 
The Fiji and Tonga coral Sr/Ca ENSO-band variability is generally coherent 
between the sites (Figure 3.11B).  When compared to the Niño-4 SST anomaly index 
~15º to the north of this research site in the ITCZ and the WPWP, the variability was also 
consistent with the Sr/Ca anomaly ENSO-band records occurring with almost identical 
periodicities (Figure 3.11C).  Comparable changes in the HadSST anomaly ENSO-band 
10-year variance between the late 1800s, the 1930s, the 1950s, and the 1970s (Figure 
3.11D), were also recorded in the proxy records, lending further support to the argument 
that our coral-based SST reconstructions are accurate. 
The reconstructed annual resolution δ18Osw ENSO-band results were also more 
coherent in both timing and amplitude after 1900 C.E. as compared to the out of phase 
variability before the ~1860s.  This suggests that the spatial pattern of ENSO-related 
interannual salinity variability in the region was different before the 1860’s (Figure 
3.13A).  The weaker ENSO-band variability in the late 1930s and late 1960s relative to 
the periods before were also the time periods of noted phase reversals of the PDO.  This 
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association was not unexpected since decadal Pacific oscillations have been shown to 
exert a significant modulating effect on ENSO events [Gershunov and Barnett, 1998].  
The interval from the end of the 1870s to the early 1900s was not reproducible in 
the Sr/Ca anomaly ENSO-band records from Fiji and Tonga.  Other studies have 
interpreted this interval that includes the termination of the Little Ice Age (LIA) as a time 
of weakened ENSO variability in the equatorial Pacific that extended into the south 
Pacific [Hendy et al., 2002; Linsley et al., 2006; Gergis and Fowler, 2009].  Even though 
the Sr/Ca ENSO-band variance of the three colonies and Niño-4 SSTA all displayed 
increases during this time interval (Figure 3.11B and D), the lack of synchronous 
interannual variance in all three corals may suggest an inherent instability in ENSO 
variability in the South Pacific possibly related to the termination of the LIA. 
Spectral characteristics from a multi-colony δ18Oc index reported from Fiji and 
Tonga indicated coherent interdecadal-decadal variability over the last 350 years with a 
mean frequency of ~20 years in the SPCZ [Linsley et al., 2008].  This frequency was also 
found to exist in the Sr/Ca time-series generated as part of this study.  The dominant 
interdecadal-decadal modes in the Fiji and Tonga Sr/Ca records were around 9-17 and 
~21-23 years, but the ~21-23 year results were not reproducible in either timing or 
amplitude.  It is very possible that the interdecadal variability of Tonga and Fiji Sr/Ca-
derived SST reconstructions indicate intermittent spatial and temporal coherence of SST 
variability in this region.  In addition, coral δ18O-based PDO reconstructions from New 
Caledonia and Rarotonga also recorded poor coherence in the mid-1800s compared to the 
1900s, indicating that the spatial pattern of the PDO in the south Pacific was significantly 
more complex and poorly defined in the mid-1800s [Quinn et al., 1998; Linsley et al., 
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2004].  The new Sr/Ca-derived decadal band results also displayed incoherent patterns 
similar to coral δ18O-based results along with phases and periodicities that did not remain 
consistent over time (Figure 3.12A).  These new Sr/Ca results from the south Pacific 
further calls into question the stability of the dominant recurrence interval of interdecadal 
SST variability and suggest that the interdecadal-decadal variability in the south Pacific 
varies over time with possible complex forcing from both tropical and sub-tropical 
sources.  
   
5.   Summary 
Time-series of bimonthly Sr/Ca anomaly were generated from three rapidly 
growing P. lutea coral colonies in Fiji and Tonga to examine the fidelity of Sr/Ca as a 
SST proxy.  The records were replicated from 1792 to 2003 C.E., with calibrations 
derived from gridded 1º longitude-latitude Hadley Centre SST anomaly records that 
verified the robust relationship between skeletal Sr/Ca and SST.  Averaging the regional 
Sr/Ca anomaly records increased the statistical significance of the relationship and 
produced a Sr/Ca-SST relationship that was consistent with previously published 
relationships (-0.054 mmol/mol/ºC).  Long-term trends in the Sr/Ca anomaly records 
displayed a warming trend of ~1ºC since the mid 1800s, which is twice the warming 
trend found in the instrumental Hadley SST anomaly records.  Possible explanations for 
this amplified Sr/Ca-SST trend includes the use of bimonthly Sr/Ca records that could 
have smoothed out the overall maxima and minima over an annual cycle and the regional 
instrumental SST data product used for calibration might not have captured the absolute 
range of temperatures experienced at a shallow reef site.  In addition to Sr/Ca-SST, 
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δ18Osw was also reconstructed for this region using companion δ18O measurements.  For 
these coral δ18Osw closely tracks instrumental SSS.  The increased variance since the 
1900s of both Sr/Ca and δ18Osw was associated with the shifting and expansion of the 
mean SPCZ position towards the southeast since the 1900s, suggesting a shift toward 
more persistent LN-like mean-state conditions in the Pacific. 
Isolation of the ENSO- and decadal band spectral in coral Sr/Ca demonstrated 
inter-colony coherence over much of the replicated period, but a significant period of 
disagreement prior to the 1860s were noted.  The amplitude differences may have been 
related to inter-colony differences or ‘vital effects’ from growth anomalies and supports 
our methodology of multi-colony proxy replication to create a more robust climate 
reconstruction of the region.  The lack of coherence in the periodicity of both ENSO- and 
decadal band during the mid-1800s agrees with previous research from the tropical 
Pacific that showed weakened ENSO variability in addition to the inconsistent spatial 
manifestation of the PDO.  
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Figure 3.1 
 
 
Figure 3.1 Research location in the south Pacific shown with mean contours (black 
dashed) of (A) sea surface temperature and (B) sea surface salinity between 1971-2005 
from Ishii et al., [2006] and the averaged contours of seven largest El Niño (gray dashed) 
and La Niña (gray solid) events.  Insets of coral colony collection sites (C) Republic of 
Fiji and (D) Kingdom of Tonga. 
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Figure 3.2 
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Figure 3.2 Intra-colony comparison of a Porites lutea colony from Ha’fera, Tonga 
with H4 (black) and H5 (gray) over the period of 1977 and 1982 to integrate the records 
through splicing into a single continuous record termed TH1.   
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Figure 3.3 
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Figure 3.3 Sr/Ca calibration of Tonga TH1 (black square, black solid line), Fiji AB 
(gray square, gray solid line), Fiji 1F (gray triangle, gray dashed line), and 3-core mean 
(black triangle, black dashed) to Hadley Centre SST (1º x 1º grid) over the period of 
1950-2005 C.E. performed (A) under previously established calibration methodology and 
(B) anomaly records by differencing removal of long-term bimonthly mean. 
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Figure 3.4 
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Figure 3.4 Sr/Ca anomaly records over the calibration period of 1950-2005 C.E. for 
(A) Tonga TH1 (black solid), (B) Fiji AB (black solid), and 1F (black dashed) compared 
to each region’s 1º by 1º Hadley Centre SST anomaly records (gray dashed), and (C) Fiji-
Tonga 3-core reconstructed SST anomaly (black) compared to the region’s mean Hadley 
SST anomaly (blue).  El Niño (EN) and La Niña (LN) events are marked above with 
severity of each period denoted by either, moderate (M) or severe (S). 
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Figure 3.5 
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Figure 3.5 Examination of inter-colony reproducibility of Sr/Ca anomaly time-series 
between (A) Tonga TH1, (B) Fiji AB (solid) and 1F (dashed), (C) Fiji-Tonga 3-core 
Sr/Ca anomaly record, and (D) Hadley Centre SST for 1º by 1º areas of Tonga (black) 
and Fiji (gray).  All records are displayed with a polynomial fitted trend line.   
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Figure 3.6 
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Figure 3.6 (A) 2-year filtered Sr/Ca anomaly records of Tonga TH1 (black), Fiji AB 
(gray solid), and Fiji 1F (gray dashed) with polynomial trend lines fitted to each record 
shown with the (B) calculated 5-year variance of each Sr/Ca anomaly records. 
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Figure 3.7 Coral δ18O time-series of Tonga TH1 (black square, black solid line), Fiji 
AB (gray square, gray solid line), and Fiji 1F (gray triangle, gray dashed line) from 
Linsley et al., [2004, 2006, 2008] for the calibration to (A) Hadley Centre SST (1º by 1º) 
and the (B) in situ sea surface salinity records of Gouriou and Delcroix [2002] over a 2º 
latitude x 10º longitude. 
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Figure 3.8 
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Figure 3.8 Coral δ18O time-series of (A) Tonga colony TH1 (black) compared against 
the in situ 2º latitude by 10º longitude sea surface salinity record of Gouriou and Delcroix 
[2002] (gray) between 1976-2001 C.E.  (B) Fiji δ18O time-series of colony AB (black 
solid) and 1F (black dashed) against the SSS (gray).   
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Figure 3.9 
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Figure 3.9 Comparison of in situ sea surface salinity record (gray) [Gouriou and 
Delcroix, 2002] to reconstructed δ18Osw record of (A) Tonga TH1 (black) and (B) Fiji AB 
(black solid) and 1F (black dashed) over the calibration interval of 1976-2003, extended 
to 1970.  (C) Scatter plot correlation relationship of coral reconstructed δ18Osw to SSS for 
TH1 (black square, black solid line), AB (gray square, gray solid line), and 1F (gray 
triangle, gray dashed line).   
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Figure 3.10 
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Figure 3.10 (A) Inter-colony reconstructed annual δ18Osw anomaly of TH1 (black 
solid), AB (gray solid), and 1F (gray dashed).  (B) The 5-year cumulative variance of the 
reconstructed annual δ18Osw anomaly. 
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Figure 3.11 
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Figure 3.11 (A) Singular spectrum analysis results of Sr/Ca anomaly records with 
variability between 3-8 years grouped together as the El Niño-Southern Oscillation 
(ENSO-band) of Tonga TH1 (black solid line), Fiji AB (gray solid line), and Fiji 1F (gray 
dashed line).  (B) The 10-year variance of each record from panel A.  (C) Niño-4 SST 
anomaly index ENSO-band variability with (D) 10-year variance.   
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Figure 3.12 (A) Singular spectrum analysis results of Sr/Ca anomaly records with 
variability between 9-17 years grouped together as the Decadal-band of Tonga TH1 
(black solid line), Fiji AB (gray solid line), and Fiji 1F (gray dashed line).  (B) The 10-
year variance of each record from panel A.  (C) Niño-4 SST anomaly index Decadal-
band variability with (D) 10-year variance.   
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Figure 3.13 Reconstructed annual δ18Osw anomaly ENSO-band (3-8 years) and 
Decadal-band (9-17 years) of Tonga TH1 (black), Fiji AB (gray solid), and Fiji 1F (gray 
dash). 
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CHAPTER 4 
Inter- and intra-colony comparison of Mg/Ca variability in Porites lutea from Fiji 
and Tonga 
 
1. Introduction 
The variability of the stoichiometric ratio of Mg2+ to Ca2+ (Mg/Ca) in Porites sp. 
coral skeletons has been calibrated with mixed success to the variability of sea surface 
temperature (SST).  Many calibration studies have reported that temporal changes in 
skeletal Mg/Ca is well correlated to SST variability [e.g., Hart and Cohen, 1996; 
Mitsuguchi et al., 1996, 2003; Wei et al., 2000; Watanabe et al., 2001].  However, other 
studies have shown Mg/Ca variability that lacked a clear relationship to SST (Meibom et 
al., 2003, 2004, 2008).  These studies argued that biological or metabolic processes 
affected the distribution of Mg within the skeleton independently of the changes due to 
SST fluctuations.  Here, I discuss the results of Mg/Ca analyses of coral skeletal materials 
from Tonga and Fiji. 
 
2. Materials and Methods 
2.1. Coral sampling and chronology development 
The coral colonies (Tonga TH1 and Fiji AB) used for the investigation of Mg/Ca 
variability were discussed in chapter 3.  During the ICP-OES analysis of these corals for 
Sr/Ca, simultaneous measurements of Mg/Ca were also completed.  The analytical 
precision of repeated Mg/Ca measurements of the laboratory standard was better than 
±0.02 standard deviation with a relative standard deviation of 0.37%.  Since the trace 
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element analyses were conducted simultaneously on the same sample, the Sr/Ca derived 
chronology was applied to the Mg/Ca data.   
 
2.2. Scanning Electron Microscopy (SEM) analysis 
Microstructure analyses of coral cores were conducted in the laboratory of Dr. 
John I. Garver at Union College (Schenectady, New York) to investigate the ultra-fine 
scale composition of the coral aragonite crystalline structure.  A Carl Zeiss EVO 50XVP 
Scanning Electron Microscope (SEM), outfitted with a Back Scatter Energy Detector 
(BSED; Carl Zeiss) and an Energy Dispersive X-ray Spectroscopy detector (EDX; 
Bruker AXS Quanta 200), was operated for the analysis.  The SEM is a type of electron 
microscope that images sample surfaces using a high-energy beam of electrons.  When 
the electrons interact with the sample’s atoms, secondary electron signals are produced 
containing information about the sample’s surface topography and composition.  The 
SEM’s electron source is a lanthanum hexaboride (LaB6) cathode, which can resolve 
coral sample features down to 2 nm.   
New, complimentary coral slabs opposite to the actual trace element analyses 
slabs were sputter-coated with a mixture of gold and palladium prior to scanning by the 
SEM.  Due to our mm-scale sampling of the coral cores and subsequent every-other mm-
scale analyses on the ICP-OES, possible ultra-fine scale fluctuations in trace element 
incorporation or possible diagenesis in the coral skeletal materials might have been 
missed.  Thus, SEM analyses would allow for accurate detection of possible fine 
structure anomalies in the coral samples.  The EDX detector was also used to make 
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simultaneous measurements of line spectra and elemental composition across the coral 
skeletal slabs.   
 
3.   Results 
3.1.   Inter- and intra-colony variability of skeletal Mg/Ca content 
The older, bio-eroded surface of colony TH1 (core H4) was relatively more 
enriched in Mg/Ca than the recent growth surface (H5)(see Figure 4.1).  Mg/Ca results 
between the two Tonga TH1 cores displayed a visual offset between the lateral and distal 
surfaces of the colony, but the result of the Student’s t-test was not enough to reject the 
null hypothesis that the means between the overlapping periods were equal (Figure 4.1).  
TH1-H5 spanned from 1976-2005 C.E. recorded the lowest mean Mg/Ca value of 4.29 
mmol/mol (Standard Error (SE)=0.021).  The much longer record of TH1-H4 from 1792-
1982 C.E had a mean Mg/Ca of 4.41 mmol/mol (SE=0.011).  The top of the colony from 
which core TH1-H4 was recovered was dead.  The age of the top was determined to be 
1982 C.E. though correlation of δ18O variability to core TH1-H5 and to timing of known 
El Niño events [see Linsley et al., 2008].  TH1-H4 was found to overlap with TH1-H5 
during the 6-year period from 1976-1982 C.E., which was verified in both coral Sr/Ca 
and δ18O records.  Due to this offset of ~0.2 mmol/mol between the two surfaces, the 
records were not merged to form a single continuous record, even though the correlation 
coefficient found within the TH1 colony was maximized at 0.62 (Table 4.1).  Similar to 
the intra-colony comparison of mean ratio between the two Tonga corals, the inter-colony 
comparison of the mean between Fiji AB and both TH1 cores by Student’s t-test also did 
not reject the null hypothesis that the means are equal.   
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Table 4.1: Inter- and intra-colony correlation coefficients of Mg/Ca between two 
Porites lutea colonies.  Tonga TH1-H5 was collected from the lateral surface with live 
surface layer, Tonga TH1-H4 was collected from the distal surface with bleached surface 
layer, and Fiji AB was collected with live top.  
 
  Tonga TH1-H5 Tonga TH1-H4 
Tonga TH1-H5 -- -- 
Tonga TH1-H4 0.62 -- 
 
Overlapping Period of 1976-1982 
Fiji AB 0.53 0.37 
Record from 1976-2005 Tonga TH1-H5 -- -- 
Record from 1794-1982 Tonga TH1-H4 0.62 -- 
Record from 1848-2001 Fiji AB 0.55 0.23 
 
For the purpose of this study, direct comparison and correlation analysis was 
completed for separate overlapping periods with results listed in Table 4.1.  Overall, Fiji 
AB had the highest mean Mg/Ca value of the two colonies from this region (4.85 
mmol/mol; SE=0.009) between 1848-2001 C.E.  For the overlapping period between all 
three colonies (1976-1982), Fiji AB and Tonga TH1-H5 had the best correlation 
coefficient (0.53), while the correlation coefficient of Fiji AB and TH1-H4 was 0.37.  
When the three cores were correlated over their entire overlapping records, the lowest 
correlation was found to be between core TH1-H4 and Fiji AB (0.23); however, this 
relationship was found for the longest period of overlap (from 1848 to 1982).  The recent 
overlapping period between TH1-H5 and Fiji AB (1976-2001) resulted in a correlation 
coefficient of 0.55. 
The Mg/Ca values of the coral colonies displayed clear sinusoidal patterns that 
resembled annual SST variability but differences between many particular periods in time 
between Tonga TH1-H4 and Fiji AB were recorded (Figure 4.2).  Examples of non-
matching replication periods include the 1920s (enrichment trend in AB and no 
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enrichment trend of H4), 1935-1945 (depletion trend in AB and enrichment in H4), the 
1950s (depletion in AB and enrichment in H4), and the late 1970s (depletion trend in AB 
and enrichment in H4).  Since there were many more time windows that were not 
reproducible, the results showed that the Mg-ion incorporation in coral skeletal materials 
are not simply fluctuating based on the changing conditions of regional SST but includes 
a yet unknown influence and mechanism. 
 
3.3. Coral skeletal Mg/Ca calibration to Hadley Centre SST 
Due to the difference in ‘initial’ age of each core (i.e., 2001 for AB, 1983 for 
TH1-H4, and 2004 for TH1-H5), the Mg/Ca-SST calibration periods were chosen to 
contain at least 20 of the most recent years of accurate instrumental records (Figure 4.3).  
Calibration to Hadley Centre SST (HadSST) in each respective location’s 1º by 1º grid 
produced relationships that were of the same order of magnitude.  The calibration for Fiji 
AB contained 38 total years (1963-2001) with a R2 value of 0.23 (Table 4.2).  Tonga 
TH1-H5 Mg/Ca-SST contained 28 years (1976-2004) of instrumental calibration and was 
also found to have a R2 value of 0.23.  The lowest relationship found was the dead 
surface TH1-H4 (R2=0.12) over a 20-year period from 1963-1983.  Intra-colony 
comparison of Mg/Ca-SST calibration relationships revealed similar slopes of 0.077 
mmol/mol/ºC for TH1-H4 and 0.097 mmol/mol/ºC for TH1-H5.  When compared to the 
colony from Fiji, an offset to the TH1 cores could be seen with a slope of 0.129 
mmol/mol/ºC.   
 
 88 
Table 4.2: Mg/Ca (mmol/mol) calibration of Porites lutea from Fiji and Tonga to 1º 
x 1º grid of Hadley Centre SST (ºC) by linear regression.  Also included in the table are 
previously published coral Mg/Ca-SST calibration results from other Mg/Ca studies.   
 
 Regression 
(R2) 
Slope 
(mmol/mol/ºC) 
Y-Intercept 
TH1-H5: Porites lutea - Tonga 0.23 0.097 1.72 
TH1-H4: Porites lutea - Tonga 0.12 0.077 2.33 
AB: Porites lutea - Fiji 0.23 0.129 1.48 
Mitsuguchi et al. [1996]: Porites lutea - Japan  0.129 1.15 
Sinclair et al. [1998]: Porites mayeri - Great 
Barrier Reef 
 0.16 0.0 
Fallon et al. [1999]: Porites lobata - Japan  0.088 1.38 
Watanabe et al. [2001]: Montastrea faveolata - 
Puerto Rico 
 0.28 -3.24 
Yu et al. [2005]: Porites lutea - South China 
Sea 
 0.11 1.32 
 
 
4.   Discussion 
4.1.   Influences on the Mg content of coral skeletal material 
The reproducibility of Mg/Ca within a single colony from Tonga was questioned 
based on the offset found between the two intra-colony core sections (Figure 4.1).  The 
results from this investigation showed that the older growth (H4) contained elevated 
levels of Mg/Ca relative to the younger growth (H5), which both conflicted and agreed 
with previous investigations of coral skeletal Mg-incorporation.  Older Porites colonies 
have been shown to contain features of dissolution, re-crystallization, and secondary 
aragonite precipitation (also known as pore space filling), where secondary aragonite 
formation both increased the Sr content and decreased the Mg content in older colonies 
[Enmar et al., 2000; Hendy et al., 2007].  Thus, if secondary aragonite had affected the 
older TH1-H4 core, the results should have contained lower concentrations of Mg and not 
 89 
the observed higher concentration.  However, the increase in Mg/Ca in TH1-H4 could 
have been caused by calcite-filled cocoid cyanobacterium borings within the skeleton of 
this massive hermatypic coral, which has been shown to increase Mg concentrations due 
to calcite replacement of aragonite [Nothdurft et al., 2007].  The authors of that study 
noted that up to 60% of newly deposited skeletal material could be compromised by 
calcite filling within days of deposition, which may have occurred in this colony due to 
its partial mortality. 
Microscopic-scale boring (microboring) organisms that had infiltrated the skeletal 
materials of TH1-H4 due to its partial mortality may also explain some of the intra-
colony Mg/Ca differences.  Possible microboring organisms include the endolithic algae, 
which have been associated with higher-than-normal Mg levels.  Buster and Holmes 
[2006] found the presence of brucite [Mg(OH2)] precipitated within the pore spaces of 
Porites skeletal structure.  Endolithic algae have also been known to cause distinct black 
banding within the lighter-colored skeletal material where the X-radiograph images of 
core section TH1-H4 revealed similar black banding coincident within the high density 
banding, which also suggests that algae could have caused the high-Mg content (Figure 
4.4A and 4.4B) [Priess et al., 2000].   
The upper-most section of TH1-H4 also contained many areas of randomly 
distributed µm-scale ‘holes’ visible under the SEM on the adjacent (mirror-image) slab of 
TH1-H4 that was not used for geochemical analyses (Figure 4.4C and 4.5A).  The 
structures seen in the SEM imagery suggested the presence of either secondary aragonite 
cement or calcite (Figure 4.5B), and were similar to the secondary aragonite cement and 
calcite replacement from borings found in several modern corals [Nothdurft et al., 2007; 
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Cussack et al., 2008].  The minerals located near and within the holes do not look like 
fine aragonite needles (which would be expected in unadulterated skeletal material), but 
instead are coarser-grained (Figure 4.5B), similar to those observed in other studies 
[Enmar et al., 2000; Buster and Holmes, 2006; and Nothdruft et al., 2007].  These 
structural features seen in SEM imagery combined with the black banding (Figure 4.4A) 
discussed earlier strongly suggest that endolithic algae may have affected and increased 
the Mg/Ca ratio of TH1-H4. 
Since TH1-H4 was collected with a dead surface, another very plausible 
explanation for the elevated Mg/Ca could be the presence of larger boring (macroboring) 
organisms.  The surface of TH1-H4 showed severe infestations of what seemed to be 
colonies of bivalves, barnacles, and calcareous tube polychaetes (Figure 4.4).  The 
ubiquitous presence of the obligate associate calcareous tube polychaetes, Christmas Tree 
Worm (Spirobranchus sp.), in massive Porites has been widely documented [Hunte et al., 
1990; Nishi and Nishihira, 1999; Montebon and Yap, 2009].  However, its presence in 
Porites used for proxy reconstructions creates additional complications because the tubes 
of the polychaete are composed of magnesian calcite, aragonite, or a mixture of these two 
minerals, which can create anomalies within the tested sample [Bornhold and Milliman, 
1973].  A thorough reexamination of the upper-most section of TH1-H4 after the 
completion of sub-sampling and geochemical analyses revealed that the sub-sampling 
track accidentally crossed over into the boundaries of a few bore holes which may have 
been created by Spirobranchus.  Bornhold and Milliman [1973] found the Mg content of 
calcareous tubes of the polychaete to vary based on the percentage of aragonite to calcite, 
which meant that the sampling track across the borehole in TH1-H4 (Figure 4.4A and 
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4.4B) could have caused elevated concentrations of Mg in the analysis and would explain 
some of the intra-colony difference.  
SEM and EDX analyses of the larger borings provided further evidence that the 
top of TH1-H4 was severely compromised by the presence of boring organisms on a 
scale of a few hundred-µms living within the microstructure of the coral aragonite 
skeletal pore space (Figure 4C and 4D).  The presence of these microstructures neither 
affected nor altered the neighboring aragonite, as seen from the fine needles that are 
oriented in the normal plane of view (Figure 4.5E).  The EDX analysis plotted in Figure 
4.5F show higher elemental Mg content within the unidentified microstructure growth 
(microboring organism?) than in the surrounding skeletal materials shown in Figure 4.5D 
and 4.5E.  Even though the analysis was performed as a qualitative test to distinguish the 
materials due to the lack of a proper standard for detector calibration, the evidence of 
elevated Mg counts over the anomalous skeletal growth supports the conclusion that it 
was the borings that led to the anomalous Mg/Ca results in TH1-H4 (Figure 4.5F).  
Further analyses with petrographic thin sections will have to be conducted to identify the 
composition of this structure.   
 
4.2.   Mg/Ca-SST calibrations 
Due to the identification of the anomalous sections of coral skeletal materials, 
more research into Mg-ion incorporation into corals are necessary before reconstructing 
climate proxies and variability using Mg/Ca relationships, because the results from this 
study showed problems with the fidelity of the proxy over long timescales (Figure 4.2).  
The near-perfect match between the P. lutea from Fiji and another P. lutea from Japan is 
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encouraging [Mitsuguchi et al., 1996], but the inherent differences and spread between 
other calibrations [Fallon et al., 1999; Watanabe et al., 2001; Yu et al., 2005] still cause 
concerns, since the TH1-H4 P. lutea reconstruction from Tonga was 0.083 mmol/mol/ºC 
lower than the P. mayeri reconstruction from Australia (Table 4.3) [Sinclair et al., 1998].  
If Mg/Ca ratios were an accurate and reproducible proxy of SST, the discrepancy 
between TH1-H4 and the Mg/Ca-SST calibration result of Sinclair et al. [1998] would 
equate to almost a 1 ºC difference in temperature reconstruction.  If the Mg/Ca-SST 
calibration from Tonga TH1-H4 was applied to the rest of the colony, the “cooling” trend 
seen from 1835-1860 would then equate to a ~4 ºC change in SST, which was neither 
recorded in the Sr/Ca nor in the δ18O records (Figure 4.2).  This magnitude of change was 
beyond the variability of environmental control, suggesting that Mg incorporation could 
be biologically related and not due to the changing SST [Meibom et al., 2007; 2008].  In 
the past, calibration differences have often been attributed to inter-species differences or 
regional effects and were not attributed to analytical procedures, skeletal growth, or the 
Mg/Ca content of the ambient seawater [Watanabe et al., 2001].  However, recent 
laboratory studies with two different families of scleractinian corals (Montipora digitata 
[Acroporidae] and Porites cylindrical [Poritidae]) emphasized the importance of the 
seawater molar Mg/Ca ratio that significantly changed the calcification mineralogy from 
aragonite to calcite if ambient levels of molar Mg/Ca ratio in seawater decreased [Ries et 
al., 2006].  The results discussed here challenge the validity of the accepted assumptions 
for the reconstruction of SST from Mg/Ca content of coral skeletal materials.  
This part of my study examined modern long-living hermatypic coral Mg/Ca 
variability with evidence of diagenesis and boring organism intrusion.  I believe that the 
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results shown here raise concerns about the use of Mg/Ca geochemical records as a 
paleothermometer for the reconstruction of modern SST, as numerous flaws have been 
observed and discussed.  Considering the instability witnessed over the longest record of 
TH1-H4, this study recommends caution when interpreting previous research of Mg/Ca-
SST proxy reconstructions, and suggest that more research should be performed to 
determine the impact of boring organisms and skeletal diagenesis.  
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Figures 4.1 
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Figure 4.1 Intra-colony comparison of the Tonga colony TH1 Mg/Ca ratio with hole 
4 (H4, black) and hole 5 (H5, gray) shown between 1977 and 1982. 
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Figures 4.2 
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Figure 4.2  Inter-colony comparison of Mg/Ca variability from Fiji and Tonga over 
the length of their respective records, the yellow vertical bars depicted the time periods of 
mismatch between the records.  Also shown are the individual Hadley Centre SST (1º x 
1º grid) for both Fiji and Tonga.   
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Figures 4.3 
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Figure 4.3 South Pacific coral Mg/Ca calibration to individual Hadley Centre SST (1º 
x 1º grid) performed over 1976-2004 for Tonga TH1-H5 (black square, black line), 1963-
1983 for TH1-H4 (blue circle, blue line), and 1963-2001 for Fiji AB (red triangle, red 
line). 
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Figures 4.4 
 
Figure 4.4 (A) High resolution photograph of the upper-most section of Tonga colony 
TH1-H4 indicating the fungi-induced black banding and boring organism influence.  (B) 
X-radiograph image depicting the density banding and indicated the geochemical 
sampling track going through a section of the boring influenced anomaly.  (C) 
Complementary mirrored coral slab used for SEM analysis. 
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Figures 4.5 
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Figure 4.5 SEM images of the upper-most section of Tonga colony TH1-H4 showing 
evidence of boring organism induced secondary aragonite material or calcite 
microstructure generating anomalous Mg/Ca records with µm scale bar on bottom left 
corner of every panel: (A) ~10 mm downcore (100 µm scale bar), (B) close-up box of 
Panel A (3 µm scale bar) showing the coarse-grain material surrounding and within the 
microboring, (C) approximately ~20 mm downcore near a macroboring site with a 
secondary growth towards the left side of the panel (200 µm scale bar), (D) close-up of 
the secondary growth structure that has filled the coralline pore spaces (100 µm scale 
bar), (E) close-up box of Panel D showing the growth on the left and unaltered aragonite 
fibers (20 µm scale bar), (F) EDX detector analyses of panel D from left to right showing 
relative Mg, Sr, and Ca ion content of the secondary growth. 
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CHAPTER 5 
The reproducibility of tropical Pacific Porites growth parameters and its effects on 
paleoclimatology proxy reconstructions 
 
Abstract 
The threat of ocean acidification from anthropogenic CO2 emissions has been 
shown by model, field, and laboratory studies to be potentially detrimental to coral reef 
ecosystems and many marine organisms with calcium carbonate skeletons.  Massive reef 
corals contain records of annual skeletal calcification and linear extension rates spanning 
the last few hundred years.  This study discusses the trends in the measured standardized 
linear extension, interannual (5-year mean) density, and calculated calcification rates of 
five different coral colonies from different tropical Pacific regions (Clipperton Atoll, 
Rarotonga, and Fiji) to assess the potential effects of ocean acidification.  Trends in 
growth parameters in these corals were compared to recent records from the Great Barrier 
Reef where both Cooper et al. [2008] and De’ath et al. [2009] found that skeletal 
calcification rates were already declining in significant numbers of the Porites colonies 
that were analyzed.  Our new results from Fiji, Tonga and Clipperton revealed no clear 
and consistent growth trends.  Thus, it is inconclusive if ocean acidification has already 
affected skeletal growth at these sites.  In addition, no obvious growth effects on 
geochemical proxies (δ18O, δ13C, and Sr/Ca) were apparent. 
 
1.   Introduction 
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There is mounting evidence of increased stress on coral reefs because of climate 
change [Hoegh-Guldberg, 2009].  One major potential threat to the well-being of coral 
reef systems worldwide is the reduction of the global oceans’ pH, termed ocean 
acidification due to anthropogenic CO2 emissions to the atmosphere [Bacastow and 
Keeling, 1973; Caldeira and Wickett, 2003].  The surface ocean acidification process 
involves a series of simultaneous reactions in the mixed layer beginning with an increase 
in carbonic acid [H2CO3], followed by increases in both bicarbonate [HCO3-] and 
hydrogen ions [H+].  By driving the carbonate equilibrium towards greater [H+] 
concentration, the availability of carbonate ions [CO32-] simultaneously decreases, 
creating a more acidic mixed layer.  This condition arises because globally the surface 
ocean mixed layer, on an area-averaged basis, is a net absorber of gaseous CO2 from the 
atmosphere.  Due to the increase of anthropogenic CO2 emissions, the ocean would likely 
absorb more CO2, which would in turn lead to a significant decline in global seawater pH 
levels [Kleypas et al., 2006].  
Different areas of the ocean have important roles in regulating the amount of CO2 
in the atmosphere because in general, warm tropical waters release CO2 to the 
atmosphere, whereas colder high-latitude oceans take up CO2.  Due to the differences in 
temperature and the slow mixing time of the oceans, colder polar waters can dissolve 
almost twice as much CO2 than the warmer equatorial waters.  As CO2 is taken up in the 
colder regions and sinks, the CO2 gets transported over large distances which is 
eventually returned to the surface at upwelling regions where the exchange of CO2 with 
the atmosphere is controlled over decadal and longer timescales [Tahahashi et al., 2003]. 
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Scleractinian coral growth is dependent on [CO32-] availability during 
skeletogenesis or calcification when an isomer of calcium carbonate (CaCO3) known as 
aragonite is deposited (e.g., Ruppert and Barnes, 1994).  Significant decline in [CO32-] 
resulting from changing ocean pH could severely impact coral calcification and have 
profound consequences such as dissolution and lack of calcification on coral reef systems 
[Kleypas et al., 1999; Feely et al., 2004; Orr et al., 2005; Hoegh-Guldberg et al., 2007].  
Between similar species, the rate of skeletal accumulation or calcification over time are 
major determinants of the animal’s overall health which is under severe threat due to 
anthropogenically driven climate change with immense potential impact under future 
climate change scenarios [Kleypas et al., 2006].  
Based on theoretical and laboratory calculations, calcification rates in corals and 
other marine calcifying organisms may have already experienced a 6-14% decline in 
calcification rate over the past 100 years.  Some predictions call for a decrease of up to a 
17-35% decrease by the end of the 21st century, relative to pre-industrial levels [Kleypas 
et al., 1999; 2006].  Previous laboratory-based experimental evidence has shown severe 
effects of acidification on coral reefs and marine calcifying organisms which may be just 
as great (if not greater) than the consequences of increasing sea surface temperatures 
(SST) [Gattuso et al., 1998, 1999; Landon et al., 2000; LeClercq et al., 2000, 2002].  
Several other field-based analyses have also documented declining coral cover and 
reduced coral diversity from declining pH levels [Bruno et al., 2007; Carpenter et al., 
2008].   
Recent coral calcification studies using massive hermatypic corals have indicated 
recent reductions in both linear extension and calcification rate.  Cooper et al. [2008] 
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recorded a decrease in calcification rate of ~21% between 1988 and 2003 for corals from 
the Great Barrier Reef (GBR).  Further evaluation by Lough [2008] provided evidence of 
declining growth at two out of three reefs in the central GBR.  An extensive analysis of 
328 Porites sp. colonies from 69 reefs throughout the GBR found a 14.2% decline in 
calcification rates since 1900 in 72.5% of the colonies as linear extension declined by 
13.3% over the same period [De’ath et al., 2009].  The negative trend in calcification 
from 1990-2005 suggests that ocean acidification is already effecting some corals in the 
GBR where calcification rates are declining by 1.70% per year in those corals with 
negative growth trends.  These results agree with previous estimates of a 16% decrease in 
aragonite saturation level since industrialization [Kleypas et al., 1999].   
However, other studies from the GBR found increasing calcification trends in 
corals aged between 1746-1982 [Lough and Barnes, 2000].   This study documented 
significant primary control of SST variability on coral calcification based on down-core 
density measurements in 245 coral colonies from the GBR.  Their results indicate that for 
every 1ºC increase in SST, there was an increase in annual calcification rate of 0.39 g cm-
2 in calcification and a 3.1 mm increase in linear extension.  This calcification rate 
increased of 4%, directly conflicts with the estimated 6-14% decrease noted by Kleypas 
et al. [1999] over the same period.  Similar coral calcification results were also found to 
be influenced by temperature that was independent of light effects [Marshall and Clode, 
2004].  Tanzil et al. [2009] measured linear extension in Porites sp. corals from Thailand 
and demonstrated a 46-56% reduction in extension for every 1 ºC rise in SST and 
suggested an overall decreasing trend in calcification.  The inconsistent results published 
on coral calcification trends and the significant influence on growth by other 
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environmental variables besides pH (i.e. SST, solar irradiance, wind stress/turbidity, and 
nutrients) remain unclear and leave many unanswered questions on possible implications 
to proxy reconstructions [Scoffin et al., 1992; Lough and Barnes, 2000; Saenger et al., 
2009].   
Coral growth parameters (linear extension, density, and calcification) have been 
shown in some studies to have significant effects on variability in proxy reconstructions 
[e.g., Allison et al., 1996; Felis et al., 2003; Goodkin et al., 2007].  Felis et al. [2003] 
found that linear extension rate corrected δ18O records decreased inter-colony variability 
and suggested an extension rate-related kinetic isotope disequilibrium effect.  Another 
coral δ18O study also reached a similar conclusion where changes in SST and SSS alone 
could not explain the annual trend in skeletal δ18O.  They found an inverse relationship 
between coral δ18O and skeletal growth and inferred a growth or calcification rate effect 
[Allison et al., 1996].  3-year averaged skeletal δ18O and density records of corals from 
the Atlantic also displayed an inverse relationship and were highly dependent on each 
other [Draschba et al., 2000].  
Trace element proxy reconstructions have been also shown to be influenced by 
growth rates in some studies, but arguments for non-significance have also been shown.  
De Villiers et al. [1994; 1995] found increases in coral skeletal Sr/Ca that were associated 
with decreasing skeletal extension, whereas Shen et al. [1996] observed only a slight 
effect of extension rate on Sr/Ca.  This was in agreement with other studies that found 
non-significant effects of skeletal extension or calcification on Sr/Ca measurements in 
corals from the Pacific [Alibert and McCulloch, 1997; Mitsuguchi et al., 2003].  Studies 
from the Atlantic demonstrated significant effects between Sr/Ca and linear extension 
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where the Sr/Ca-SST calibration equations improved with additional growth parameters 
[Goodkin et al., 2005, 2007]. 
In this study, we measured growth characteristics of individual Porites sp. 
colonies (i.e., linear extension, density, and calcification rate) from two regions of the 
tropical Pacific (eastern and southwestern) with significantly different background pH 
and SST levels for possible evidence of ocean acidification.  A second objective was to 
investigate whether Sr/Ca and δ18O reconstructions improved with the addition of 
growth-related parameters.  Both of these objectives pertain to the fundamental question 
of the faithfulness of coral stable isotope and trace element geochemistry as 
paleoclimatology proxies.   
 
2. Materials and Methods 
The five Porites sp. (P. lobata and P. lutea) cores analyzed were previously 
collected from three tropical Pacific sites (Figure 5.1).  Each had been previously 
sampled and analyzed for stable isotopes (δ18O and δ13C) and trace elements (Sr/Ca) 
under well-established methodologies.  The sectioned 7-mm-thick coral slabs from two 
colonies from Clipperton Atoll and three colonies from Fiji and Rarotonga were scanned 
for skeletal density with verification of linear extension on a medical X-ray 
Computerized Tomography (CT) scanner [Bosscher, 1993; Ketcham and Carlson, 2001].   
CT scans were acquired at Albany Advanced Imaging Center in Albany, New 
York, using a General Electric LightSpeed RT-16 (16 slice X-ray CT scanner).  All 
samples were sent through the imaging chamber with scanning parameters between 120-
150 KeV and at 200 mA.  Linear attenuation coefficients measured by CT scanners were 
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not in conventional density units but in a standardized CT scale known as Hounsfield 
units.  Hounsfield units are linearly correlated to bulk density calibration standards of 
known wet bulk density to form a calibration curve allowing for the conversion of coral 
skeletal CT measurements into density units of g cm-3 [Bosscher, 1993].  Calibration 
measurements and the derived calibration curve for the CT scanner were made from 
‘density standards’ of precision cut rectangular coral blocks to calculate dry and wet bulk 
weight density.  The standards were made from a variety of massive hermatypic coral 
specimens with a range of densities along with other various CaCO3 samples (solid 
aragonite and calcite minerals).  After calibration, average skeletal density (g cm-3) was 
measured in non-overlapping 5-year sections based on the chronology determined by 
each individual colony’s skeletal linear extension (cm year-1), previously published stable 
isotopes/trace elements age-models, and X-radiograph images of annual high-low density 
banding couplets.  Annual linear extension rates of each colony were standardized by 
dividing individual rates by the long-term mean of each record, which allowed for direct 
inter-colony comparison regardless of its difference in base-line growth.  Calcification 
rates (g cm-2 year-1) were calculated as the product of skeletal density and standardized 
annual linear extension.  Due to the varied collection periods and differences in ‘start-
time’ of each individual record, 5-year mean or interannual density and calcification rates 
were calculated as a normalization procedure.   
SAS Institute’s JMP software was used to: (1) perform inter-colony comparisons 
of growth parameters (linear extension, density, and calcification) across individual reefs 
and regions, (2) determine the overall trends in standardized annual linear extension by 
Holt’s Linear Exponential Smoothing for estimating the current and future levels and 
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trends (95% confidence interval), (3) calculate the trends in density and calcification 
through linear fitting, (4) analyze the strength of the relationships between measured 
growth parameters, geochemical signatures (δ18O, δ13C, and Sr/Ca), and annual 
environmental variables (SST and sea surface salinity, SSS), and (5) perform Least 
Square Model Fit (LSMF) to test and improve coral-based climate proxy reconstructions 
with growth parameters and environmental variables [Goodkin et al., 2005, 2007]. 
 
3. Results and Discussion 
3.1. Reproducibility of coral growth parameters 
In the Clipperton corals, the mean linear extension rate in colony 4B from 1894-
1994 was 2.45 cm year-1 and 2.13 cm year-1 in 2B from 1935-1994 (Table 5.1).  
Rarotonga 3R was extending at a mean rate of 1.42 cm year-1 from 1875-1999, in the 
middle range of the five colonies (Table 5.1).  The mean annual linear extension of the 
two Fiji colonies were similar with AB extending at a rate of 0.94 cm year-1 from 1618-
2001 and 0.98 cm year-1 for 1F over a shorter period from 1782-1997 (Table 5.1).  After 
standardization, the time-series of annual skeletal linear extension in the five colonies 
were also examined for more descriptive trend analyses, Holt’s linear exponential 
smoothing was applied with the estimated parameter statistics (level and trend) listed on 
Table 5.1.  In Figure 5.2, the measured annual linear extension rates of each colony were 
plotted along with the smoothed and forecasted values as well as the upper and lower 
95% confidence interval levels.   
Holt’s linear exponential smoothing assumed no seasonality in the time-series 
with an existing overall trend, which was ideal for the analyses of annual linear extension 
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rates in coral colonies.  The estimated trends revealed in the time-series analyses were 
insignificant for both Clipperton colonies (Figure 5.2A and B, Table 5.1).  Significant 
trends were found in the colonies from Rarotonga core 3R (Figure 5.2C) and Fiji core AB 
(Figure 5.2D), even though the linear skeletal accumulation records from the other 
colonies also exhibited visual trends.  Across the same reef, linear exponential smoothing 
found no significant trend in Fiji 1F and the linear extension rates in the south Pacific 
region were not reproducible when compared to AB (Figure 5.2E, Table 5.1).  The lack 
of reproducibility in linear extension trend deviated from the age-related effects observed 
in the GBR where colonies were predisposed to extend less in their juvenile stage of 
growth than in later years, similar to that found in dendrochronology studies [Fritts, 1976; 
Lough, 2008].  This effect was not observed in this study where only two out of five 
colonies recorded increasing trends towards higher interannual linear extension rates in 
later years.  Given the limited significance of annual and interannual linear extension 
trends in five colonies, it could not be concluded if ocean acidification effects on vertical 
skeletal accumulation were observed.  Further replication studies from the tropical Pacific 
are required to support and expand the limited sample size of this study.   
Analysis of linear extension rates in multiple colonies of the same coral genus and 
species within a single reef system and across the Pacific indicate limited reproducibility 
[Lough and Barnes, 1997].  In this current study, the highest inter-colony correlation 
between linear extension rate records within a single region was found between the Fiji 
colonies with an inverse relationship of -0.26.  The lowest correlation was a positive 
relationship of 0.02 between Fiji AB and Rarotonga 3R.  In between these extremes were 
Rarotonga 3R to Fiji 1F at -0.18 and Clipperton 2B to 4B at -0.12 (Table 5.1).  In 
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addition to the obvious difference of ~1 cm year-1 in annual extension rates between 
eastern and southwestern Pacific colonies [Linsley et al., 2000a, 2004] that was removed 
through the standardization procedure, one plausible explanation for the poor 
reproducibility could be differences between the two Porites species (P. lobata and P. 
lutea) used in this study.  However, the low correlation between colonies from a single 
reef (Clipperton) and a single region (Fiji AB and Rarotonga 3R) could have been caused 
by unknown or cryptic genetic differences within the species of Porites, similar to the 
conclusions reached by other studies in the tropical Pacific [Forsman et al., 2009].  
Inter-colony comparisons of measured interannual density and calculated 
calcification rates were varied with both negative and positive relationships (Table 5.2).  
The normalization procedure for density measurements in the 5-year increments was 
beneficial in averaging out the anomalous years of low/high density accumulations and 
increased the signal to noise ratio over interannual timescales, but large differences were 
still recorded.  A strong inverse relationship of -0.84 was found between the two 
Clipperton colonies’ densities but not for calcifications (-0.20, Table 5.2).  The only other 
inverse relationship found was between the density records of Rarotonga 3R and Fiji AB 
(-0.10, Table 5.2).  Compared to the other colony at Fiji, Rarotonga 3R recorded a strong 
positive correlation of 0.46 to Fiji AB.  The least reproducible or lowest correlation 
relationship was found between Fiji 1F and Rarotonga 3R in calcification with 0.01, 
while Fiji AB was reproducible at 0.15 to both 1F and 3R.  The results were only able to 
demonstrate reproducibility in Clipperton density with an inverse relationship, but the 
low correlation in calcification complicated the analyses.  The interannual density and 
calcification correlation records from the tropical Pacific were not consistently 
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reproducible across the south Pacific with low correlation values suggesting that the 
corals were not growing in unison but with distinct individual variability and trends.  The 
fact that within site and between site growth records did not correlate and that the sign of 
the relationship also varies between sites and across sites suggests that there is not a 
unifying environmental parameter that can explain all these growth rate records. Thus, it 
is unlikely that these corals have experienced the effects of Pacific wide acidification. 
The interannual density measurements across the five colonies ranged from a low 
of 1.588 g cm-3 in Clipperton 4B to a high of 1.885 g cm-3 in Clipperton 2B (Table 5.3).  
The measured density results from the south Pacific colonies also differ individually, 
with Fiji colony AB averaging 1.704 g cm-3, Fiji 1F with 1.796 g cm-3, and 1.822 g cm-3 
for Rarotonga 3R (Table 5.3).  Density from two Clipperton colonies had different trends 
with a significant increasing trend for colony 4B at a rate of 0.0034 g cm-3 yr-1 (P<0.01) 
and decreasing trend for colony 2B at -0.0015 g cm-3 yr-1 that was not significant (Figure 
5.3A, Table 5.3).  Rarotonga 3R had a slight increasing density trend of 0.0003 g cm-3 yr-
1 that was not significant (Figure 5.4A, Table 5.3).  Trends of density across the two Fiji 
colonies were reproducible with minor increasing trends for AB at 0.00023 g cm-3 yr-1 
and 0.00047 g cm-3 yr-1 for 1F but only significant for AB (P<0.001, Figure 5.5A, Table 
5.3).  
Since calcification rates are a product of density and linear extension, the long-
term means were mostly influenced by the linear extension values which were similar to 
the assessments reached by other studies that examined coral growth parameters [Lough 
and Barnes, 2000; Lough, 2008].  Lough [2008] demonstrated that decreasing trends in 
calcification rate in two out of three GBR sites since 1961 were mostly influenced by 
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linear extension, similar to the conclusion reached in this study.  Clipperton 2B recorded 
the highest mean standardized calcification rate of 1.863 g cm-2 (Table 5.3) of the five 
colonies, while the lowest standardized mean calcification rate was found in Clipperton 
4B with 1.581 g cm-2 (Table 5.3).  The south Pacific colonies were in the middle ranging 
from low of 1.720 g cm-2 (Fiji 1F) to high of 1.804 g cm-2 (Rarotonga 3R, Table 5.3).  
Two colonies (Clipperton 2B and Rarotonga 3R) from different regions of the Pacific 
recorded decreasing trends in calcification over their growth history while three colonies 
(Clipperton 4B, Fiji 1F, and Fiji AB) recorded increasing trends in calcification (Table 
5.3).  Similar to density, calcification results were only reproducible across a single reef 
(Fiji) and not reproducible across a larger region of the south Pacific (Fiji and 
Rarotonga).  Clipperton 4B showed an increasing trend in calcification (0.0015 g cm-2 yr-
1) that was not significant while Clipperton 2B recorded a significant decreasing trend of 
-0.0082 g cm-2 yr-1 (P<0.01, Figure 5.3B, Table 5.3).  The result from Rarotonga showed 
a decreasing trend that was also not significant (-0.0024 g cm-2 yr-1, Figure 5.4B) and was 
not reproducible when compared to the trends of Fiji that were both increasing (Figure 
5.4B, Table 5.3).  Fiji AB was calcifying at a significantly increasing rate of 0.0016 g cm-
2 yr-1 (P<0.001) and Fiji 1F was increasing at 0.0021 g cm-2 yr-1 but was not significant 
(Figure 5.5B, Table 5.3). 
The results from Clipperton, Fiji, and Rarotonga displayed density and 
calcification ranges that were similar to prior studies [Lough and Barnes, 2000; Lough, 
2008].  However, the limited sample size of select colonies from this study cannot be 
directly compared to the results of Lough [2008] which found decreasing trends in 
calcification from two out of three reef sites (comparing 8-27 colonies per site) of the 
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GBR.  The two Clipperton samples were collected in close proximity to each other and 
were assessed to be of the same species but conflicting results in both density and 
calcification trends demonstrated the difficulty of using simple skeletal measurements for 
assessing complicated growth influences of coral skeletogenesis (Figure 5.3).  Adding to 
the complication, samples across Fiji showed reproducible increasing calcification results 
but if the south Pacific region included Rarotonga, the recorded opposite trend of 
decreasing calcification would refute the notion that corals from the south Pacific have 
been increasing in calcification.  Our results neither agree nor disagree with recent coral 
calcification studies that documented significant declines (14-21%) in calcification of 
massive Porites from the GBR over the last ~20 years [Cooper et al., 2008; De’ath et al., 
2009].  Furthermore, our results of the longest colony from Fiji also disagreed with 
laboratory experiments that showed significant decreases of up to 40% in calcification in 
corals under doubled pCO2 scenarios which has occurred over the lifetime of that colony 
[Langdon et al., 2000; LeClercq et al., 2000; Langdon and Atkinson, 2005].   
If the changing calcification rate in corals were due strictly to SST, the observed 
increase of at least 1ºC in the last 50 years at Fiji would most likely explain the increase 
in calcification (Figure 5.5B), in agreement with studies that showed increasing coral 
calcification rates of up to 4.5% for every 1ºC increase in SST from the GBR and French 
Polynesia [Lough and Barnes, 2000; Bessat and Buigues, 2001; Lough, 2008].  However, 
Clipperton Atoll also experienced an increase of ~1ºC in SST since 1976 (reconstructed 
from Sr/Ca measurements in Chapter 2 [Wu et al., in revision]) but demonstrated two 
different calcification rates which could not be explained by the changing of SST alone 
(Figure 5.3A).  It is possible that the colonies used in this study have reached or passed 
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the peak of each species’ optimum growth temperature range, which has the potential to 
significantly influence calcification rates [Jokiel and Coles, 1977; Coles and Jokiel, 
1978].  The irreproducible result between a single reef and two different regions of the 
Pacific merits further investigation because the confluence of both the increasing acidity 
and SST in the ocean could elicit different responses in individual coral colonies.   
 
3.2. Effects of annual linear extension on proxy reconstructions 
Site-specific correlations of δ18O to standardized annual linear extension were 
found to be reproducible between corals at Fiji but not at Rarotonga or Clipperton (Table 
5.4).  Linear bivariate fits for Clipperton 4B, 2B, and Rarotonga 3R were not significant 
with low R2 values, while Fiji AB and 1F were significant with R2 of 0.06 (RMSE=0.126, 
P<0.0001) and 0.07 (RMSE=0.174, P<0.0001), respectively (Table 5.4).  The non-
significant results across a single reef (Clipperton) in addition to non-reproducible results 
within a single region (Fiji and Rarotonga) also do not support the supposed growth-
related effects observed in proxy records of SST (δ18O and Sr/Ca) which has been shown 
to be significantly influenced by annual linear extension [Allison et al., 1996; Felis et al., 
2003; Mitsuguchi et al., 2003].   
Our findings from this study do not refute the observed significant growth-rate-
related kinetic isotopic effects found in studies that showed strong dependence of the 
δ18O signature on mean annual linear extension in corals that grew at various rates 
[McConnaughey, 1989; Allison et al., 1996; Felis et al., 2003].  However, the significant 
and reproducible results found between annual linear extension rate and δ18O at Fiji was 
not observed at other locations of the Pacific.  Allison et al. [1996] found a strong inverse 
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relationship between δ18O and annual linear extension rate of greater than 5 mm year-1 
but since this study used a standardization procedure and removed the extension rate 
difference, the possible influence of annual linear extension difference between the 
Clipperton and Fiji/Rarotonga colonies which was up to ~1 cm year-1 did not contribute 
to the discrepancy.   
Since skeletal accumulation is a metabolic process, standardized annual linear 
extension rates of each colony were compared to δ13C records to understand the 
relationship and significance.  Similar to the relationships found between annual 
extension and δ18O, the δ13C records were only significant in the two Fiji colonies with 
R2 values of 0.21 (RMSE=0.449, P<0.0001) for colony AB and 0.19 (RMSE=0.349, 
P<0.0001) for colony 1F (Table 5.4).  However, the non-significant relationship from 
other sites in the Pacific suggest that there are no significant relationship between skeletal 
δ13C and annual linear extension rates, which agreed with the findings of Grottoli [1999, 
2002] that showed the decoupled nature of δ13C and growth. 
The relationship of individual Clipperton Sr/Ca records to annual linear extension 
was not reproducible with significance found in colony 2B (R2=0.14, RMSE=0.038, 
P<0.01) but not in colony 4B (R2=0.01, P=0.264, Table 5.4).  Despite the low 
relationship in both Fiji Sr/Ca records relative to annual linear extension, the results were 
significant (R2=0.04, RMSE=0.37-0.39, P<0.01, Table 5.4).  The result from Rarotonga 
3R was the least significant of all five colonies (R2=0.001, P=0.711, Table 5.4).  It could 
be argued from these results that the observed Sr/Ca-annual linear extension relationships 
were site-specific effects and supported previous research, which found decreasing 
skeletal extension that significantly increased Sr/Ca values in corals from Hawaii and 
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Galapagos but little to no relationship in corals from Japan and Taiwan [de Villiers et al., 
1994, 1995; Shen et al., 1996; Mitsuguchi et al., 2003].  The observed weak but 
significant influence of annual linear extension rate on Sr/Ca and δ18O records at Fiji and 
not at other Pacific sites suggests that corals used for paleoclimatology studies should 
undergo annual linear extension analyses to better infer whether or not growth-related 
corrections should be applied to proxy reconstructions. 
 
3.3. Effects of interannual growth parameters on 5-year mean proxy records 
In addition to annual linear extension, the linear bivariate fit relationships between 
5-year moving mean of stable isotopes records (δ13C and δ18O) to interannual (5-year 
mean) growth parameters (linear extension, density, and calcification) were determined 
(Table 5.5).  Due to the short length of the Clipperton 2B record (1935-1994), only 5 
measurements were made and statistical analyses were not performed for this core.  
Clipperton 4B and Rarotonga 3R had non-significant relationships between their 
respective 5-year moving mean stable isotopes records to all three interannual growth 
parameters.  ~2000 km to the west of Rarotonga in the south Pacific, the 5-year moving 
mean of δ13C and δ18O from Fiji AB were found to be significantly influenced by all 
three interannual growth parameters but not for Fiji 1F density (Table 5.5).  Significant 
influences were also not observed for the three growth parameters in the five colonies 
when fitted to each colony’s 5-year moving mean Sr/Ca records.  This was in agreement 
with previous studies that found little to no influence of calcification in Porites sp. on 
Sr/Ca measurements [Mitsuguchi et al., 2003].  However, other studies have argued for 
the significant effects of linear extension, density, and calcification on both δ18O and 
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Sr/Ca, which was not found in this study [de Villiers et al., 1994, 1995; Allison et al., 
1996; Felis et al., 2003; Allison and Finch, 2004].  This lack of a consistent 
skeletogenesis influence on proxy reconstructions across multiple sites of the tropical 
Pacific does not refute the possible effects typically attributed to biological ‘vital effects.’  
Most studies have focused on the relationships of annual linear extension rather than 
calcification/density rates because it is the easiest of the three parameters to measure but 
it could also be argued that density and calcification have not often been thoroughly 
examined leading to biased conclusions. 
 
3.4. Coral growth corrections in proxy analyses 
 From studies that have seen growth related effects on proxies such as δ18O, 
methods for growth corrections have been suggested and applied [Felis et al., 2003].  By 
normalizing the growth values to 1 cm year-1, the authors found the correction procedure 
useful in providing a better assessment of coral proxy records from the Red Sea that had 
annual linear extension rates greater than 0.6 cm year-1.  Other studies from the tropical 
Atlantic employed the statistical method of Least Square Model Fit (LSMF) with 
additional variables of annual and interannual linear extension to provide better proxy 
reconstructions [Goodkin et al., 2005, 2007].  LSMF results in this study included 
additional independent variables of standardized annual linear extension and interannual 
linear extension (5-year moving mean) similar to Goodkin et al. [2005, 2007], while the 
additional interannual density variable was also added to determine the cumulative 
effects of skeletogenesis on proxy reconstructions. 
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The predicted values of δ18O from Clipperton 4B fitted to SST with the extra 
variable of standardized annual linear extension did not significantly change the R2 
values (R2=0.22, P<0.0001) when compared to the non-growth fitted δ18O-SST 
relationship (Table 5.6).  The δ18O-SST relationship in Clipperton 2B (R2=0.24, P<0.01) 
increased with the addition of the extension variable but decreased the significance 
(R2=0.26, P=0.038, Table 5.6).  Following the same procedure in the south Pacific, the R2 
value of Rarotonga 3R δ18O fitted to SST was low (R2=0.10, P<0.001) and the 
introduction of extension did not significantly change the R2 value (R2=0.11, P<0.001, 
Table 5.6).  The Fiji 1F δ18O-SST relationship also did not change significantly with the 
inclusion of extension (R2=0.25, P<0.0001) when compared to the traditional calibration 
(R2=0.24, P<0.0001, Table 5.6).  The colony that showed the largest increase in R2 value 
was Fiji AB.  Fiji AB δ18O-SST calibration increased with the inclusion of the extension 
variable (R2=0.43, P<0.0001) from a R2 value of 0.35 (P<0.0001, Table 5.6).  The model 
fitting results with standardized annual linear extension variables were only able to 
demonstrate minor influences on δ18O-SST calibrations and did not significantly improve 
its usage as seen from other studies [Felis et al., 2003].  Thus, the results shown here raise 
doubts as to the necessity of growth-corrections in coral δ18O-SST reconstructions if the 
coral is sampled properly to avoid the outer edges that have been shown to be at 
disequilibrium [McConnaughey 1989a]. 
Since δ18O variability in corals has been demonstrated to be influenced by both 
the temperature-dependent fractionation [Epstein et al., 1953; Kim and O’Neil, 1997] and 
the δ18O of seawater that is directly related to the changing seawater salinity [Cole and 
Fairbanks, 1990; Fairbanks et al., 1997], LSMF calibrations of δ18O-SSS were completed 
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for the Fiji colonies with an extended SSS time-series from 1970-2001 [Gouriou and 
Delcroix, 2002].  The δ18O-SSS calibration relationship from Fiji achieved high R2 values 
of 0.64 (P<0.0001) for colony AB and 0.50 (P<0.001) for 1F (Table 5.6).  Again, the 
inclusion of the annual linear extension rate variable in LSMF only slightly increased the 
correlation in colony AB (R2=0.65, P<0.0001) and 1F (R2=0.51, P<0.001, Table 5.6).  
The highly significant δ18O-SSS calibrations from Fiji were expected based on previous 
studies in the region that noted interannual δ18O variability driven predominantly by the 
changing salinity front of the South Pacific Convergence Zone [Linsley et al., 2008].   
Cumulative SST and SSS calibration to δ18O was expected to be both high and 
significant and the LSMF approach with standardized annual linear extension as an 
additional predictor variable produced highly significant results for Fiji AB (R2=0.76; 
P<0.0001) and 1F (R2=0.61; P<0.001, Table 5.7).  The resulting combination of SST and 
SSS to skeletal δ18O with the additional variable of extension increased the R2 value, 
which was not surprising because δ18O variability is influenced by the confluence of the 
changing SST and SSS.  However, the inclusion of the additional extension variable did 
not significantly increase the calibrations as previously expected.  Thus, the use of annual 
linear extension rates to enhance δ18O proxy reconstructions appeared to be unnecessary 
since the procedure did not provide any added benefits.  
The significant LSMF calibration including the additional extension variable 
between Sr/Ca and SST increased the R2 values when compared to the traditional 
calibrations at Clipperton (Table 5.6).  The traditional linear calibration of 4B produced a 
R2=0.21 (P<0.0001) and increased to R2=0.24 (P<0.0001), while 2B also increased from 
a R2=0.46 (P<0.0001) to 0.49 (P<0.0001, Table 5.6).  The relationships remained 
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significant but the slight increase in calibration results did not improve the relationship 
significantly.  Rarotonga 3R Sr/Ca record had the most peculiar results that were not 
significantly related to SST and the results did not improve after LSMF with annual 
linear extension.  Fiji AB Sr/Ca produced a R2=0.21 (P<0.0001) when calibrated to SST, 
and the LSMF increased the R2 to 0.24 (P<0.0001) with annual linear extension (Table 
5.6).  Both the traditional and the LSMF calibration of Sr/Ca-SST in Fiji 1F were 
significant but the inclusion of extension only slightly improved the relationship 
(R2=0.19, P<0.0001, Table 5.6).  Contrary to the results found by Goodkin et al. [2005] 
in the Atlantic, the Sr/Ca-SST LSMF calibration results from the Pacific did not 
demonstrate the added significant benefit in the use of extension and agreed with prior 
studies of skeletogenesis showing no effects on Sr/Ca-SST reconstructions [Mitsuguchi et 
al., 2003]. 
 
3.5. Least Square Model Fit with interannual growth parameters 
Beyond annual linear extension, researchers have also shown the influence of 
interannual growth as an influencing variable that increased the significance of Sr/Ca-
SST relationship calibration [Goodkin et al., 2007, 2008].  δ18O-SST LSMF calibration 
fitting, including the interannual growth parameter variables (linear extension and 
density), were performed with calcification rates omitted from analyses because they are 
a product of both linear extension and density.  Due to the shorter core length and low 
number of density measurements in Clipperton 2B, LSMF with interannual variables was 
not able to provide any statistically meaningful results.  The inclusion of two additional 
growth variables in LSMF for Clipperton 4B increased the statistical relationship of δ18O-
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SST calibration to R2= 0.50 but the result was not significant (P=0.033, Table 5.7).  The 
LSMF calibration of δ18O-SST including the interannual growth variables, increased for 
both Fiji AB (R2=0.68, P<0.0001) and 1F (R2=0.63, P<0.01, Table 5.7).  Rarotonga 3R 
δ18O-SST LSMF calibration with additional interannual growth variables decreased the 
R2 value (0.07) and the relationship became non-significant (P=0.857, Table 5.7).  With a 
limited sample size from a single reef, the inclusion of interannual growth parameters 
exhibited significant influence on proxy calibrations of δ18O-SST in Fiji but was not 
observed at other locations.  It is possible that the Fiji δ18O-SST LSMF results with 
interannual growth parameters were demonstrating corrections on biological ‘vital 
effects.’  However, the poor statistical relationships and results from other colonies 
cannot attribute and reduce biological ‘vital effects’ to simply the combined effects of 
density and linear extension. 
The expansion of LSMF to include the variables of interannual linear extension 
and density increased the Sr/Ca-SST calibration relationship at Fiji but the results were 
not significant (AB: R2=0.41, P=0.021; 1F: R2=0.38, P= 0.083; Table 5.7).  Clipperton 
4B Sr/Ca-SST LSMF calibration with interannual growth parameters also achieved a 
strong relationship but was not significant (R2=0.50, P=0.079).  The Rarotonga 3R Sr/Ca-
SST calibration was not significant through traditional fitting and LSMF was also not 
significant.  Results from Atlantic corals where interannual linear extension was added as 
a predicting variable improved the SST calibrations [Goodkin et al., 2007].  However in 
this current study, there was nothing gained by adding extension rates into the calibration.  
When additional interannual growth parameters were added, the calibration relationship 
of Sr/Ca-SST was still not significant.  The initial assumption that interannual growth in 
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tropical Pacific Porites sp. corals exerted a significant influence on SST proxy 
reconstructions was not observed and the increases in statistical relationship seen in this 
study were interesting and encouraging on the hidden growth effects on SST proxy 
reconstructions but the results do not support using additional growth variables in 
calibrations. 
 
3.6. Calibration of Sr/Ca to SSS 
With the availability of a long SSS time-series from Fiji, the comparison of Sr/Ca 
to SSS produced some interesting calibration results.  Coral Sr/Ca variability has always 
been shown to be independent of δ18Osw and SSS effects, so the finding of significant 
relationships between SSS and Sr/Ca would be both perplexing and disconcerting.  The 
linear bivariate fit between SSS and Fiji AB Sr/Ca record achieved a significant 
relationship (R2=0.35, P<0.01), but Fiji 1F Sr/Ca was not significant (R2=0.16, P=0.071, 
Table 5.6).  Adding linear extension as an independent variable in the LSMF analyses, 
the Sr/Ca-SSS relationship of Fiji AB remained unchanged (R2=0.35, P<0.01) while the 
R2 increased for Fiji 1F Sr/Ca-SSS but was still not significant (R2=0.27, P=0.055, Table 
5.6).  It is very likely that the significant calibration result of Sr/Ca to SSS was 
contributed by the strong seasonal imprint of the SST-derived age-model and reflected 
the synchronous changes in both the SST and SSS.  The results also demonstrate that the 
calibrations of both colonies were slightly enhanced with the inclusion of an annual linear 
extension variable, but the influence was insignificant.  With only one colony indicating 
significance to SSS and no significance when calibrated together with SST (Table 5.7), 
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more replication studies are necessary to investigate possible circumstances of SSS 
influence on Sr/Ca proxy reconstructions. 
 
3.7. Future considerations on coral growth and proxy reconstruction 
Since coral δ18O-based proxy reconstructions also rely on the conditions of the 
surface water concentrations of δ18O, it would thus be reasonable to consider the 
influence of surface ocean Sr-ion concentrations that might possibly alter the Sr/Ca-SST 
calibrations and reconstructions.  Sun et al. [2005] was able to demonstrate that Sr in the 
tropical oceans varied spatially by as much as 2.4%, which equated to a ~4 ºC difference 
in SST reconstruction.  In that study, the authors argued that Sr and Ca were possibly 
behaving differently during coral growth and are perhaps taken up through different 
mechanisms.  The difference in ion concentrations of Ca-ions was found to be negligible 
while the concentration of Sr-ions in seawater produced larger uncertainties.  The 
sensitivity of corals to the changing Sr concentrations would have to be further explored 
because larger ocean circulations might ultimately control the regional Sr concentration 
levels.  These aspects of coral growth and Sr/Ca-based proxy reconstructions would have 
to be further explored in the future possibly with measurements of seawater Sr and Ca 
concentrations at coral collection sites.  
Laboratory experiments have shown that corals reared under elevated CO2 
conditions (high aragonite saturation states) will increase the concentration of total 
dissolved inorganic carbon (DIC) in seawater while simultaneously decrease the 
concentration of carbonate ions and seawater pH [Langdon and Atkinson, 2005; Cohen 
and Holcomb, 2009].  Other works on the impact of ocean acidification suggested that 
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carbonate ion availability exerts direct control on calcification rates of corals [Landon et 
al., 2000; 2003].  All of these studies pointed out the growing concern that the surface 
ocean chemistry could potentially reach a state where reef erosion or de-calcification 
exceeds coral skeletal accretion.  However, calcification rates in corals are not only 
affected by seawater chemistry, but also influenced by variables such as temperature, 
light, and nutrients.   
Lough and Barnes [2000] suggested that seawater temperature has significant 
effect on coral calcification where a small increases in temperature can override the 
effects of acidification.  One caveat from this study of increasing temperature is the 
assumption that the increase in temperature does not cause bleaching or compromise 
coral physiology.  Another recent study has shown that corals growing under nutrient 
enriched regimes would be able to redirect the extra energy towards calcification, thus 
lessening the severe negative impact of ocean acidification on coral calcification [Cohen 
and Holcomb, 2009].  However, the authors warned that future climate change would 
simultaneously reduce the availability of nutrients in the surface oceans and increase the 
difficulties of coral skeletogenesis in a high-CO2 world.   
A few coral and coral reef studies have focused on surface ocean pCO2 levels and 
evaluated the response over varying ranges of saturation.  When rates of carbonate 
sediment dissolution exceed that of calcification, Silverman et al. [2009] projected that 
almost all coral reefs will be in a state of dissolution once atmospheric concentration of 
CO2 reach 560 ppm, which could occur by the year 2050 under current climate change 
scenarios.  Yates and Halley [2006] demonstrated wide-ranging thresholds and varying 
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results of coral reef responses between 560-654 ppm, but the degradation to coral reef 
structure was undeniable.   
All of these studies demonstrated the varying factors of coral growth and the 
consequences of global warming from increasing atmospheric CO2.  And despite the fact 
that some corals will be able to adapt to acidification pressure from increases in both 
temperature and nutrients, the overall diminishing coral reef communities in the world’s 
surface oceans points to the vulnerability of these organisms and ecosystems.   
 
4. Summary 
From a small sample (n=5) of Porites sp. colonies collected in the tropical Pacific, 
coral growth parameters were not reproducible mostly due to differences in annual linear 
extension.  The interannual trends in density measurements were reproducible at Fiji and 
has increased since the 1800s, but the diverging trends at Clipperton and decreasing trend 
at Rarotonga since the 1900s demonstrated the difficulty in using this measurement as an 
indicator of ocean acidification.  Some studies have also recognized growth rates in 
massive hermatypic corals as poor indicators of a coral reef’s overall health, with results 
that showed the decoupled nature of a single colony and the surrounding reef [Edinger et 
al., 2000].  These findings points to the need for further replication studies to ascertain 
the historical trends in coral growth records under increasing CO2 scenarios. 
Changes in ocean pH, which has the potential to change the rate of coral 
calcification, could lead to anomalous trace element incorporation unrelated to changes in 
SST.  The expected result of greater CO2 uptake in the oceans has potential to damage 
many marine calcifying organisms because of their dependence on carbonate ions to form 
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CaCO3 exoskeletons.  However, this study showed both increasing and decreasing trends 
of calcification and was inconclusive as to the effects of ocean acidification.  Due to the 
rise of mean atmospheric CO2, ocean acidification should have already taken place in the 
tropical Pacific based on calculated decrease in aragonite saturation from 4.6 to 4.0 since 
pre-industrial times [Kleypas et al., 1999].  In spite of the conclusion reached in that 
study, our results provide additional arguments against over-simplifying calcification 
rates in corals as an indicator of changing pH because SST variability, depth of colony, 
wave/wind strength, and nutrient variability, have all been shown to exert significant 
influence on coral calcification [Scoffin et al., 1992; Lough and Barnes, 2000; Bessat and 
Buigues, 2001; Marshall and Clode 2004].  
The influence of skeletogenesis in coral-based proxy reconstructions cannot be 
ruled out because many studies have noted its significance even though certain proxies 
have long been assumed to be independent of metabolic effects.  Statistical analyses and 
model fitting of predicted to actual proxy values by LSMF provided further evidence of 
the subtle influences on reconstructions where some proxies showed increases in 
relationship and significance while others did not.  
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Figure 5.1 
 
Figure 5.1 Location of study in the tropical Pacific Ocean with Clipperton Atoll in 
the eastern Pacific and Fiji, Rarotonga in the southwestern Pacific shown with sea surface 
temperature contours (World Ocean Database 2005). 
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Figure 5.2 
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Figure 5.2 The observed standardized annual linear extension (cm year-1) time-series 
plots of each individual colony (gray) with Linear (Holt’s) Exponential Smoothing 
(black) and the 95% upper and lower confidence intervals (dashed black).  Beyond the 
vertical dashed lines of each time-series are the predicted annual linear extension rates.   
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Figure 5.3 
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Figure 5.3 Interannual measurements of (A) density (g cm-3) and (B) calcification (g 
cm-2) in 2 coral colonies from Clipperton Atoll shown with overall trends from 1894-
1994 for colony 4B (black, solid line) and from 1935-1994 for colony 2B (gray, dashed 
line).  Trend equation and significance listed on Table 5.3. 
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Figure 5.4 
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Figure 5.4 Interannual measurements of (A) density (g cm-3) and (B) calcification (g 
cm-2) in a Rarotonga coral colony (3R) from 1884-1999 plotted with linear trends.  Trend 
equation and significance listed on Table 5.3. 
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Figure 5.5 
0
0.5
1
1.5
2
2.5
3
0
0.5
1
1.5
2
2.5
3
B
In
te
ra
n
n
u
al
 (
5
-Y
ea
r 
m
ea
n
)
D
en
si
ty
 (
g
 c
m
-3
)
In
te
ra
n
n
u
al
 (
5
-Y
ea
r 
m
ea
n
)
C
al
ci
fi
ca
ti
o
n
 (
g
 c
m
-2
)
YEAR (C.E.)
A
 
 
Figure 5.5 Interannual measurements of (A) density (g cm-3) and (B) calcification (g 
cm-2) in 2 coral colonies from Fiji shown with overall trends from 1644-2001 for colony 
AB (black, solid line) and from 1804-1997 for colony 1F (gray, dashed line).  Trend 
equation and significance listed on Table 5.3. 
 
 
 
Table 5.1
Coral colony Record length Mean extension
(cm year-1)
Level (Std Err) P-value Trend (Std Err) P-value
Clipperton 4B 1894-1994 2.45 0.073 (0.044) 0.103 0.142 (0.134) 0.293
Clipperton 2B 1935-1994 2.13 0.089 (0.134) 0.507 5.71*10-5 (1.82*10-4) 0.755
Rarotonga 3R 1875-1999 1.42 0.265 (0.091) [<0.01] 7.57*10-13 (0) [0]
Fiji AB 1618-2001 0.94 0.181 (0.031) [<0.0001] 3.96*10-8 (8.36*10-9) [<0.0001]
Fiji 1F 1782-1997 0.98 0.280 (0.076) [<0.001] 2.89*10-7 (2.06*10-7) 0.162
Table 5.1: Linear (Holt’s) Exponential Smoothing analyses results (parameter estimates) of level smoothing weight and trend
smoothing weight) in annual linear extension rate from each individual colony. Bracketed P-values are significant.
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Table 5.2
Standardized linear extension
(cm year-1)
Interannual density (g cm-3) Interannual calcification (g cm-2)
Clipperton
2B
Fiji
1F
Rarotonga
3R
Clipperton 2B Fiji 1F Rarotonga
3R
Clipperton
2B
Fiji 1F Rarotonga
3R
Clipperton 4B -0.12 -- -- -0.84 -- -- -0.20 -- --
Fiji AB -- -0.26 0.02 -- 0.10 -0.10 -- 0.15 0.15
Fiji 1F -- -- -0.18 -- -- 0.46 -- -- 0.01
Table 5.2: Inter-colony correlation coefficients of two measured growth parameters (annual linear extension and interannual or 5-
year mean density) and one calculated growth parameter (interannual or 5-year mean calcification rate) within each collection region.
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Table 5.3
Table 5.3: Analyses of interannual (5-Year mean) growth parameters (linear extension, density, and calcification) with bracketed
P-values denoting significance.
Interannual Linear Extension (cm year-1) Interannual Density (g cm-3) Interannual Calcification rate (g cm-2)
Coral
Colony
Mean linear
extension
(cm year-1)
Estimated
trend
R2, P-value Mean
density
(g cm-3)
Estimated trend R2, P-value Mean
calcification
rate (g cm-2)
Estimated
trend
R2, P-value
Clipperton
4B
2.45 Y=-
0.0013X+3.549
0.14, 0.118 1.588 Y=0.0034X-5.089 0.36,
[<0.01]
1.581 Y=0.00154
X-1.386
0.05, 0.36
Clipperton
2B
2.13 Y=-
0.0033X+7.626
0.39, 0.039 1.885 Y=-0.0015X+4.878 0.08, 0.409 1.863 Y=-
0.0082X+17
.93
0.44,
[<0.01]
Rarotonga
3R
1.42 Y=-
0.0015+4.0186
0.14, 0.083 1.822 Y=0.0003X+1.305 0.06, 0.778 1.804 Y=-
0.0024X+6.
516
0.11, 0.137
Fiji AB 0.94 Y=0.0008X-
0.482
0.24,
[<0.0001]
1.704 Y=0.00023X+1.279 0.16,
[<0.001]
1.720 Y=0.0016X-
1.313
0.29,
[<0.001]
Fiji 1F 0.98 Y=0.0008X-
0.683
0.11, 0.042 1.796 Y=0.00047X+0.909 0.06, 0.124 1.753 Y=0.0021X-
2.270
0.13, 0.021
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Table 5.4
Colony R2 (Root Mean Square Error),
number of samples
Calibration equation (cm year-1) P-value
Clipperton 4B 0.00 (0.097), 99 18O = -5.5734-0.0004*(annual extension) 0.99
Clipperton 2B 0.14 (0.063), 25 18O = -5.8199+0.1311*(annual extension) 0.070
Rarotonga 3R 0.00 (0.160), 125 18O = -4.2517-0.0386*(annual extension) 0.569
Fiji AB 0.06 (0.126), 384 18O = -4.4196-0.1287*(annual extension) [<0.0001]
18O
Fiji 1F 0.07 (0.174), 215 18O = -4.7341-0.2016*(annual extension) [<0.0001]
Clipperton 4B 0.01 (0.314), 99 13C = -2.4100-0.1926*(annual extension) 0.202
Clipperton 2B 0.00 (0.147), 25 13C = -2.5963-0.0056*(annual extension) 0.972
Rarotonga 3R 0.00 (0.356), 125 13C = -2.3180-0.0275*(annual extension) 0.855
Fiji AB 0.21 (0.449), 384 13C = 0.0242-0.9176*(annual extension) [<0.0001]
13C
Fiji 1F 0.19 (0.349), 215 13C = -0.8456-0.6957*(annual extension) [<0.0001]
Clipperton 4B 0.01 (0.045), 100 Sr/Ca = 9.2054+0.0243*(annual extension) 0.263
Clipperton 2B 0.14 (0.038), 59 Sr/Ca = 9.1953+0.0816*(annual extension) [<0.01]
Rarotonga 3R 0.00 (0.084), 123 Sr/Ca = 9.0691+0.0133*(annual extension) 0.711
Fiji AB 0.04 (0.039), 384 Sr/Ca = 8.9217-0.0294*(annual extension) [<0.01]
Sr/Ca
Fiji 1F 0.04 (0.037), 215 Sr/Ca = 9.2929-0.0300*(annual extension) [<0.01]
Table 5.4: Linear bivariate fit results between coral geochemical proxies ( 18O, 13C, and Sr/Ca) and annual linear extension.
Bracketed P-values are significant calibrations.
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Table 5.5
Interannual Linear Extension (cm, l) Interannual Density (g cm-3, d) Interannual Calcification (g cm-2, c)
Colony R2
(RMSE)
Calibration
equation
P-value R2
(RMSE)
Calibration
equation
P-value R2
(RMSE)
Calibration
equation
P-value
Clipperton
4B
0.03
(0.079)
18O = -
5.714+0.146*(l)
0.446 0.02
(0.079)
18O = -5.459-
0.069*(d)
0.567 0.00 18O = -
5.582+0.008*(c)
0.931
Rarotonga
3R
0.00
(0.131)
18O = -
4.345+0.068*(l)
0.751 0.01
(0.131)
18O = -4.453-
0.096*(d)
0.656 0.01
(0.130)
18O = -
4.388+0.061*(c)
0.609
Fiji AB 0.17
(0.088)
18O = -4.321-
0.223*(l)
[0.001] 0.11
(0.091)
18O = -3.655-
0.524*(d)
[<0.01] 0.20
(0.086)
18O = -4.325-
0.1296*(c)
[<0.0001]
18O
Fiji 1F 0.20
(0.141)
18O = -4.488-
0.452*(l)
[<0.01] 0.07
(0.151)
18O = -4.241-
0.382*(d)
0.107 0.21
(0.139)
18O = -4.551-
0.215*(c)
[<0.01]
Clipperton
4B
0.01
(0.298)
13C = -2.362-
0.230*(l)
0.748 0.13
(0.279)
13C = -1.530-
0.668*(d)
0.124 0.15
(0.276)
13C = -1.669-
0.584*(c)
0.102
Rarotonga
3R
0.00
(0.342)
13C = -
2.404+0.057*(l)
0.920 0.03
(0.336)
13C = -
3.191+0.463*(d)
0.409 0.01
(0.339)
13C = -
2.639+0.161*(c)
0.605
Fiji AB 0.45
(0.352)
13C = 0.936-
1.808*(l)
[<0.0001] 0.24
(0.415)
13C = 5.508-
3.752*(d)
[<0.0001] 0.51
(0.333)
13C = 0.866-
1.018*(c)
[<0.0001]
13C
Fiji 1F 0.39
(0.284)
13C = -0.079-
1.464*(l)
[0.0001] 0.10
(0.344)
13C = 0.433-
1.078*(d)
0.047 0.39
(0.283)
13C = -0.309-
0.681*(c)
[<0.0001]
Clipperton
4B
0.17
(0.031)
Sr/Ca =
9.094+0.137*(l)
0.082 0.55
(0.032)
Sr/Ca = 9.363-
0.083*(d)
0.096 0.00
(0.034)
Sr/Ca =
9.228+0.001*(c)
0.967
Rarotonga
3R
0.01
(0.059)
Sr/Ca = 9.125-
0.039*(l)
0.687 0.00
(0.059)
Sr/Ca = 9.117-
0.017*(d)
0.861 0.01
(0.058)
Sr/Ca = 9.132-
0.025*(c)
0.634
Fiji AB 0.11
(0.024)
Sr/Ca = 8.941-
0.046*(l)
0.071 0.30
(0.021)
Sr/Ca = 9.315-
0.246*(d)
[<0.01] 0.16
(0.024)
Sr/Ca = 8.947-
0.029*(c)
0.024
Sr/Ca
Fiji 1F 0.10
(0.03)
Sr/Ca = 9.328-
0.066*(l)
0.050 0.06
(0.031)
Sr/Ca = 9.395-
0.073*(d)
0.134 0.12
(0.03)
Sr/Ca = 9.322-
0.033*(c)
0.034
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Table 5.5: Linear bivariate fit results between the 5-year moving mean of geochemical analyses ( 18O, 13C, and Sr/Ca) and
interannual (5-year mean) growth parameters (linear extension, density, and calcification rate). Clipperton colony 2B was omitted
from analyses due to low number (n=5) of samples. Bracketed P-values are significant.
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Table 5.6
Linear Bivariate Fit Least Square Model Fit
Colony Proxy-
Environmental
relationship
R2
(RMSE)
Calibration equation P-value R2
(RMSE)
Calibration equation P-value
Clipperton 4B 18O-SST 0.22
(0.085)
18O = -0.331-
0.188*(SST)
[<0.0001] 0.22
(0.085)
18O = -
0.191*(SST)+0.025*(annual
extension)*(SST)-0.277
[<0.0001]
Clipperton 2B 18O-SST 0.24
(0.059)
18O = -2.493-
0.115*(SST)
0.013 0.26
(0.060)
18O = -0.095*(SST)-
0.055*(annual
extension)*(SST)-3.078
0.038
Rarotonga 3R 18O-SST 0.10
(0.152)
18O = 0.9795-
0.206*(SST)
[<0.001] 0.11
(0.152)
18O = -0.208*(SST)-
0.050*(annual
extension)*(SST)+1.084
[<0.001
Fiji AB 18O-SST 0.35
(0.112)
18O = 4.605-
0.335*(SST)
[<0.0001] 0.43
(0.106)
18O = -0.325*(SST)-
0.153*(annual
extension)*(SST)+4.478
[<0.0001]
Fiji 1F 18O-SST 0.24
(0.144)
18O = 4.408-
0.342*(SST)
[<0.0001] 0.25
(0.144)
18O = -0.326*(SST)-
0.0707*(annual
extension)*(SST)+4.033
[<0.0001]
Fiji AB 18O-SSS 0.64
(0.094)
18O = -16.996-
0.350*(SSS)
[<0.0001] 0.65
(0.093)
18O = 0.361*(SSS)-
0.121*(annual
extension)*(SSS)-17.199
[<0.0001]
Fiji 1F 18O-SSS 0.50
(0.088)
18O = -15.636-
0.298*(SSS)
[<0.001] 0.51
(0.089)
18O = 0.277*(SSS)-
0.097*(annual
extension)*(SSS)-14.802
[<0.01]
Clipperton 4B Sr/Ca-SST 0.21
(0.040)
Sr/Ca = 11.692-
0.088*(SST)
[<0.0001] 0.24
(0.040)
Sr/Ca = -
0.0922*(SST)+0.034*(annual
extension)*(SST)+11.763
[<0.0001]
Clipperton 2B Sr/Ca-SST 0.46
(0.030)
Sr/Ca = 12.328-
0.109*(SST)
[<0.0001] 0.49
(0.030)
Sr/Ca = -
0.100*(SST)+0.041*(annual
extension)*(SST)+12.029
[<0.0001]
137
Rarotonga 3R Sr/Ca-SST 0.00
(0.084)
Sr/Ca = 9.554-
0.018*(SST)
0.547 0.00
(0.085)
Sr/Ca = -
0.0179*(SST)+0.012*(annual
extension)*(SST)+9.513
0.781
Fiji AB Sr/Ca-SST 0.21
(0.029)
Sr/Ca = 10.524-
0.059*(SST)
[<0.0001] 0.24
(0.028)
Sr/Ca = -0.579*(SST)-
0.023*(annual
extension)*(SST)+10.505
[<0.0001]
Fiji 1F Sr/Ca-SST 0.19
(0.034)
Sr/Ca = 11.142-
0.068*(SST)
[<0.0001] 0.19
(0.034)
Sr/Ca = -
0.069*(SST)+0.004*(annual
extension)*(SST)+11.162
[<0.0001]
Fiji AB Sr/Ca-SSS 0.35
(0.029)
Sr/Ca =
6.772+0.059*(SSS)
[<0.01] 0.35
(0.029)
Sr/Ca = 0.602*(SSS)-
0.006*(annual
extension)*(SSS)+6.761
[<0.01]
Fiji 1F Sr/Ca-SSS 0.16
(0.021)
Sr/Ca =
8.102+0.031*(SSS)
0.071 0.27
(0.020)
Sr/Ca = 0.0212*(SSS)-
0.049*(annual
extension)*(SSS)+8.522
0.055
Table 5.6: Linear bivariate fit calibration relationships of the observed geochemical results ( 18O and Sr/Ca) and Least Square
Model Fit (LSMF) results between observed and predicted geochemical results to the available environmental variables (sea surface
temperature, SST, or sea surface salinity, SSS) with additional predictor growth parameter variable of annual linear extension.
Bracketed P-values are significant.
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Table 5.7
Colony Geochemical
proxy
R2
value
P-value Y-
intercept
(b)
M
(SST)
M
(SSS)
M
(annual
linear
extension)
M
(interannual
linear
extension)
M
(interannual
density)
Clipperton 4B 18O 0.51 0.033 1.476 -0.237 -- 0.209 -0.52 -0.086
Clipperton 4B Sr/Ca 0.41 0.10 12.986 -0.131 -- 0.021 0.022 -0.099
Rarotonga 3R 18O 0.07 0.857 -2.394 -0.082 -- -0.172 0.23 0.076
Rarotonga 3R Sr/Ca 0.05 0.93 10.136 -0.032 -- 0.087 -0.181 -0.078
Fiji AB 18O 0.73 [<0.0001] -8.374 -0.193 0.2640 -0.179 -- --
Fiji AB 18O 0.69 [<0.0001] 5.646 -0.357 -- 0.125 -0.488 -0.044
Fiji AB Sr/Ca 0.40 0.028 8.291 -0.034 0.043 -0.015 -- --
Fiji AB Sr/Ca 0.41 0.021 11.447 -0.079 -- -0.053 0.019 -0.19
Fiji 1F 18O 0.61 [<0.001] -9.147 -0.158 0.238 0.006 -- --
Fiji 1F 18O 0.63 [<0.01] 15.023 -0.707 -- -0.408 0.655 -0.457
Fiji 1F Sr/Ca 0.30 0.043 9.415 -0.032 0.019 -0.034 -- --
Fiji 1F Sr/Ca 0.39 0.083 12.722 -0.12 -- -0.029 0.069 -0.116
Table 5.7: Expanded Least Square Model Fit (LSMF) results between the observed and predicted geochemical results of
geochemical analyses ( 18O and Sr/Ca) to the environmental variables (SST and SSS) with additional predictor growth parameter
variables (annual linear extension, interannual linear extension, and interannual density). The calibration equations are broken down
into individual parts for comparison. Bracketed P-values are significant.
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CHAPTER 6 
Dissertation Summary 
 
This dissertation discusses the use of replicated coral-based proxies to determine 
changing oceanic conditions such as sea surface temperature (SST) and sea surface 
salinity (SSS).  The research also investigated the effects of skeletogenesis on proxy 
reconstructions as well as indications of ongoing ocean acidification.  In chapters two and 
three of this dissertation, high-resolution sub-seasonal Sr/Ca time-series were generated 
through coral skeletal geochemical analyses from Clipperton Atoll, Fiji, and Tonga.  The 
Sr/Ca records were calibrated to instrumental SST datasets and individually examined as 
accurate proxies for SST.  The findings from this research verified the robust relationship 
between SST and individual Porites sp. (P. lobata and P. lutea) colony’s Sr/Ca, which 
validated the use of coral-based climate reconstruction.  Coral Sr/Ca reconstructed SST 
from the tropical Pacific sites displayed distinct warming trends of ~1 ºC for Fiji and 
Tonga since the 1860s and ~1.0 ºC for Clipperton since 1976.  This 1976 change in water 
temperature corresponds to the well-documented “1976 Pacific Climate Shift.”  The 
replication methodology adopted in this study has not often been used for coral-based 
climate reconstructions, but the approach clearly indicates that averaging of regional 
Sr/Ca records increases the statistical significance of the correlation with instrumental 
SST and therefore produces more robust Sr/Ca-based SST reconstructions.      
In addition to Sr/Ca-SST, δ18Osw (an SSS proxy) was also reconstructed at each 
location using paired coral Sr/Ca and δ18Oc measurements.  Based on the reconstructed 
δ18Osw from Clipperton corals, the changing strength and position of the ITCZ from 
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1894-1994 were documented.  At Fiji and Tonga, the replicated Porites δ18Osw records 
closely tracked the in situ SSS of the region.  These new results document the shifting or 
the expansion of the mean SPCZ position and agreement with the results of Linsley et al. 
[2006] and in turn suggest a change toward more persistent La Nina-like mean-state 
conditions in the Pacific following the end of the Little Ice Age (LIA) in the mid-1800s.  
Longer-term, lower-frequency variability over 3-8 years (ENSO-band) and 9-17 
years (decadal-band) in the individual Sr/Ca records demonstrated times of coherence at 
each location.  The individual coral Sr/Ca records were able to document some of the 
previously noted time periods of dampened ENSO variability in the Pacific.  However, 
the established Sr/Ca-SST relationships of each region do not remain consistent over the 
entire replication period, with periods of disagreement noted.  The periods of 
disagreement were out of phase, including differences in amplitude that may have been 
related to inter-colony differences or ‘vital effects’ from growth anomalies.  This issue 
supports our methodology of multi-colony proxy replication to create a more robust 
climate reconstruction of the region because it reduces the errors within a single colony. 
In chapter four, the Mg/Ca records from corals of Fiji and Tonga were discussed.  
The Mg/Ca records display some annual variability that could be perceived and 
interpreted as SST cycles.  Within a colony, however, anomalous incorporation of higher-
Mg content materials from boring organisms and possible post-deposition alterations of 
the skeleton were found throughout (TH1).  The anomalous Mg/Ca results included intra-
colony offsets and a major shift in baseline Mg/Ca values that was not observed in the 
Sr/Ca reconstruction during the same section.  Thus, this replication approach agrees with 
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prior studies and shows that coral Mg/Ca records are far less reliable as a proxy of SST 
than Sr/Ca records. 
Finally, in chapter five, coral growth parameters were examined for signs of 
ocean acidification and influence on proxy reconstructions.  The influence of 
skeletogenesis in coral-based proxy reconstructions cannot be ruled out because the 
results from this study showed that certain proxies increased its statistical significance 
when compared with growth-related corrections while others did not.  Thus, this study 
further emphasizes the need to better understand the significance and interaction of 
growth and proxy reconstructions.   
The non-reproducible coral density and calcification results from Clipperton 
provided additional arguments against over-simplifying calcification rates in corals as an 
indicator of changing pH and the effects of ocean acidification.  The increasing trend of 
calcification since the 1700s for the Fiji colonies also raises the issue of using 
calcification as indicator of ocean acidification because SST variability, depth of colony, 
wave/wind strength, and nutrient variability have all been shown to significantly 
influence coral calcification.  Overall, the findings from this part of the study remained 
inconclusive, and highlight the need for further replication studies to ascertain the true 
usefulness of historical trends in coral growth parameter records under increasing CO2 
scenarios. 
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APPENDIX I:  X-radiographs of coral colonies Fiji AB and Tonga TH1-H4 
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APPENDIX II. 
A. Analytical technique and method 
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) 
 In Optical Emission Spectrometry (OES), the sample introduced is subjected to 
extremely high temperatures to cause not only dissociation into atoms but also significant 
amounts of excitation (ionization) of the sample atoms raising it to a higher energy state.  
Once the atoms or ions are in their excited states, they can decay to lower states through 
thermal or radiative (emission) energy transitions therefore emitting some of the absorbed 
energy.  The energy emitted corresponds to the energy difference between the initial and 
final states.  The intensity of the light emitted at specific wavelengths of the excited 
atoms or ions as it decays to lower states is measured and used to determine the 
concentrations of the elements of interest [Kebbekus and Mitra, 1998].  
Advantages of using an OES results from the use of its high temperature 
excitation sources, these thermal sources can populate a large number of different energy 
levels for several different elements simultaneously.  Results provide flexibility to choose 
from several different wavelengths for an element and measure emission from several 
different elements concurrently.  However, a disadvantage associated with this feature is 
that as the number of emission wavelengths increases, the probability also increases for 
interferences [Kebbekus and Mitra, 1998]. 
 Excitation source of the elements for the OES are highly energetic and ionized 
gases, termed electrical plasmas.  By definition, plasma is any form of matter that 
contains an appreciable fraction (>1%) of electrons and positive ions in addition to 
neutral atoms, radicals and molecules.  Plasmas for the OES are usually produced in inert 
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gases, the most commonly used are the argon-supported inductively coupled plasma 
(ICP).  Argon ICP can efficiently generate singly charged ions from the elemental species 
within the sample, making it ideal as an ion source.   
 Samples begin as streams of liquids that are transported into the instrument by a 
peristaltic pump under a controlled flow rate.  The pump uses a series of rollers that push 
the sample solution through the sample tubing using a process known as peristalsis.  The 
sample introduction tubing on the pump requires frequent examination and replacement 
from daily wear.  Permanent depressions in the sample tubing from multiple analytical 
sets can result in poor instrumentation performance preventing consistent stream of 
sample from being delivered to the nebulizer.  The nebulizers are devices that convert or 
nebulize a liquid into an aerosol, a very fine mist of sample droplets, which is introduced 
into the ICP.  The sample aerosol is then carried into a spray chamber located between 
the nebulizer and the plasma.  Spray chambers for the ICP are designed to remove large 
droplets from the aerosol (> 10 um) or about 95-99% of the sample with the remaining 1-
5% reaching the center of the plasma by way of the inner (or nebulizer) argon flow.   
The first function of the plasma is to remove the solvent (desolvate) from the 
aerosol, usually leaving the sample as microscopic salt particles.  The next steps involve 
decomposing the salt particles into a gas of individual molecules (vaporization) that are 
then dissociated into atoms (atomization).  Once the sample aerosol has been desolvated, 
vaporized, and atomized, the plasma proceeds to the remaining functions of excitation 
and ionization.  In order for the atom or ion to emit its characteristic radiation 
wavelength, one of its electrons must be promoted to a higher energy state through 
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excitation.  Since many elements have their strongest emission lines emitted from the ICP 
by excited ions, the ionization process also occurs simultaneously.   
 The detection of information about the sample solution by an ICP-OES is from 
the light emitted by the excited atoms and ions in the plasma measured at several 
different wavelengths.  A polychromator or photomultiplier tube, used to measure light 
and its intensity at several different wavelengths, can identify the emission from each 
excited species (S) concurrently by the following equations.   
! 
S *
excitation
" # " "  S + hv  
! 
E = hv =
hc
"
 and 
! 
v =
c
"
   
The emission of an unknown species, S, raised to a higher energy state, S *, emits energy 
E which can easily be converted into frequency (v) and wavelength (λ), where h is the 
Planck’s constant (6.62 x 10-34 J s), and c is the speed of light in a vacuum (3.00 x 108 
m/s) [Kebbekus and Mitra, 1998].  The ICP-OES software provides emission spectrum 
plots of the intensity of the emitted radiation as a function of wavelength.    
Extraction of quantitative information can be accomplished using plots of 
emission intensity versus concentration from a calibration curve.  Solutions with known 
concentrations of the elements of interest, called standard solutions, are introduced into 
the ICP and the intensity of the characteristic emission for each element, or analyte, is 
measured.  These intensities can then be plotted against the concentrations of the 
standards to form a calibration curve for each element of interest.  When the emission 
intensity from an analyte is measured, the intensity is checked against that element’s 
calibration curve to determine the concentration corresponding to that intensity.  
Calibration curves are generally linear over a few orders of magnitude in an ICP-OES 
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with detection limits for elements generally in the µg/L (ppb) range.  Detection limits are 
the lowest concentration at which an analyst can be relatively certain that an element is 
present in a sample.   
 
B. Jobin-Yvon Panorama V (ICP-OES) 
 Coral skeletal samples were analyzed using a Jobin-Yvon (Model Panorama V) 
ICP-OES in the laboratory of Dr. Peter B. deMenocal at Lamont-Doherty Earth 
Observatory of Columbia University following the rapid analytical techniques developed 
by Schrag [1999].  The plasma torch is formed from passing the liquid argon (gas phase) 
at a flow rate of 10 liters per minute through the induction coil forming sparks and 
eventual heating that is forced to flow rapidly in a circular path resulting in the plasma.  
The plasma torch can be sustained indefinitely in this manner until the depletion of the 
argon gas source.  This ICP-OES instrument is equipped with 21 photomultiplier tubes 
for simultaneous collection of 21 spectral lines, however, for the purpose of this study, 
only three lines were used: Sr (407.77 nm), Ca (393.37 nm), and Mg (285.21 nm).  
Dissolved coral skeletal samples were introduced to the plasma by a Gilson autosampler 
connected to a peristaltic pump, which passes the samples through a Meinhard TR50-C1 
nebulizer and Jobin-Yvon quartz cyclonic spray chamber.  Flow rate for the sample 
introduction is 1 mL per minute.  Voltages for individual photomultiplier tubes were 
previously determined and optimized to achieve greatest stability for the range of 
concentrations of elements in our samples (Sr = 798 v, Mg = 199 v, and Ca = 286 v).   
Previous research has shown that low-frequency drift in the data can occur 
throughout daily analyses that are caused by temperature fluctuations in the room, drift in 
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the condition of the plasma, and drift in the electronics.  Schrag [1999] made corrections 
to this daily drift and fluctuation through a similar technique established by the analysis 
of high-precision isotopic ratios utilizing a reference standard solution.  Reference 
standard solutions of Sr, Mg, and Ca, are prepared gravimetrically in similar proportions 
to the coral skeletons and is measured in between each sample, repeated over the entire 
sample rack.  Each coral sample is bracketed by two reference solutions (before and 
after) and a correction factor for each sample is calculated which is then normalized to 
the actual value of the reference solution.  The precision of this analytical correction 
method is better than 0.1% Relative Standard Deviation (RSD).   
 A second error that is produced by the ICP-OES is the non-linear response of the 
intensity of the 393.37 nm Ca line with concentration.  This non-linear response yields an 
inexact fit to the calibration data.  However, this error can be ignored if the reference 
solution used has identical Ca concentrations to the samples being introduced.  For the 
purpose of this study, the concentration of Ca was strictly maintained at close to 100 ppm 
for both the sample and reference standard solutions by careful measurements and 
weighing of coral powder.   
 
C. Samples and consumables preparation 
 Prior to sample analysis all consumables used for trace element analyses were 
pre-cleaned by a thorough acid cleaning process.  All sample vials (both 0.5 mL and 2.0 
mL microcentrifuge tubes) were washed in 5% HNO3 (trace element grade, Fischer 
Scientific Catalogue #:A509-212) and sonicated for one hour at room temperature and 
allowed to soak for at least 2 hours to overnight in the fume hood.  The vials are then 
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rinsed individually three times with 18.3 MΩ deionized water and dried overnight in a 
covered beaker in a drying oven at 30 ºC.   
The weighed coral skeletal powder samples are then deposited in the pre-cleaned 
2.0 mL microcentrifuge tubes and dissolved by 0.075M HNO3 (Optima grade, Fischer 
Scientific Catalogue #:A467-500) to reach the desired 100 ppm Ca concentration level.  
Around ~0.75 mL of digested coral sample aliquot is transferred into the pre-cleaned 0.5 
mL microcentrifuge tube producing a visible upper meniscus because of the larger 
analytical volume needed for the ICP-OES than the tube can hold.  Pipette tips used to 
dissolve the coral powder and for analyte aliquots were always cleaned three times with 
0.5N HCl and rinsed three times with 18.3 MΩ deionized water prior to usage.  
 
D. Optimization of ICP-OES: sample size determination of coral trace element 
incorporation  
Due to the non-linear response of the Ca detection line and calibration, 
concentration and sample size effects is also a problem addressed prior to the analysis of 
coral samples.  In order to avoid this error and its effects, sample concentrations were 
kept as close to the standard solution concentration as possible.  
The optimum concentration of Ca was predetermined at 100 ppm through 
rigorous testing and is strictly maintained for both the standard and sample solutions by 
careful measurements and weighing of coral sample powder.  To determine the analyses 
concentration stability at 100 ppm of Ca, a range of sample sizes (125 µg, 250 µg, 375 
µg, 500 µg, 750 µg, and 1000 µg) and equivalent acid volumes were introduced for 
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optimization.  An example of the empirical calculation of Ca concentration from sample 
size in coral CaCO3 skeleton is listed below: 
! 
1mg CaCO
3
1L HNO
3
=
0.4 "10
#3
g Ca
10
3
g HNO
3
= 0.4 "10
#6
= 0.4 ppm  
 The results from this sample size experiment showed that as the sample sizes 
increased, the stability of the measurements also increased.  Decrease in the scatter of 
repeat measurements (% RSD) on the same sample was apparent as the sample size 
increased.  Due to our mm-scale sampling of coral skeletal material where a maximum 
recovery of ~1.5 mg of powder per mm was achieved, it was unfeasible to proceed with 
the largest and most stable sample size of 1000 µg.  However, it was determined that 
within the range of 375 µg and 750 µg, the size influence could be minimized.  Thus, for 
this study, ~500 µg (± 30 µg) of coral skeletal powder sample size was used in order to 
avoid the need for concentration and or sample size corrections.  
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Appendix III: Clipperton Atoll Sr/Ca Time Series 
 
 
 
Year (C.E.) Clipp 2B Sr/Ca 
(mmol/mol) 
Clipp 6A Sr/Ca 
(mmol/mol) 
Clipp 4B Sr/Ca 
(mmol/mol) 
1993.958 
1993.875 
1993.792 
1993.708 
1993.625 
1993.542 
1993.458 
1993.375 
1993.292 
1993.208 
1993.125 
1993.042 
1992.958 
1992.875 
1992.792 
1992.708 
1992.625 
1992.542 
1992.458 
1992.375 
1992.292 
1992.208 
1992.125 
1992.042 
1991.958 
1991.875 
1991.792 
1991.708 
1991.625 
1991.542 
1991.458 
1991.375 
1991.292 
1991.208 
1991.125 
1991.042 
1990.958 
1990.875 
1990.792 
1990.708 
9.391988 
9.361889 
9.319804 
9.269892 
9.237992 
9.218027 
9.204031 
9.194049 
9.195950 
9.205960 
9.215970 
9.225980 
9.215047 
9.190059 
9.188957 
9.203949 
9.207019 
9.202022 
9.185122 
9.160134 
9.172313 
9.198030 
9.190522 
9.245882 
9.252056 
9.222071 
9.192086 
9.162101 
9.155961 
9.165956 
9.158097 
9.138107 
9.201334 
9.244056 
9.257832 
9.266037 
9.253705 
9.187038 
9.163963 
9.171889 
9.212067 
9.163793 
9.120230 
9.138622 
9.183219 
9.157009 
9.101378 
9.082298 
9.109334 
9.172002 
9.205667 
9.185832 
9.151999 
9.143167 
9.173336 
9.237999 
9.165998 
9.110999 
9.128000 
9.097332 
9.123334 
9.135000 
9.140000 
9.161667 
9.170000 
9.170000 
9.150000 
9.109999 
9.100001 
9.123331 
9.040000 
9.031667 
9.081335 
9.152002 
9.185667 
9.180333 
9.162000 
9.169002 
9.205333 
9.188499 
9.326159 
9.251790 
9.175263 
9.210000 
9.210000 
9.187473 
9.142421 
9.080001 
9.160081 
9.160040 
9.130180 
9.209875 
9.178640 
9.160000 
9.160000 
9.154987 
9.143703 
9.112469 
9.092494 
9.080001 
9.160030 
9.140181 
9.200000 
9.209880 
9.179894 
9.149985 
9.144987 
9.140020 
9.150015 
9.159955 
9.114977 
9.070000 
9.096667 
9.183333 
9.210000 
9.174444 
9.177778 
9.200000 
9.187778 
9.156667 
 152 
1990.625 
1990.542 
1990.458 
1990.375 
1990.292 
1990.208 
1990.125 
1990.042 
1989.958 
1989.875 
1989.792 
1989.708 
1989.625 
1989.542 
1989.458 
1989.375 
1989.292 
1989.208 
1989.125 
1989.042 
1988.958 
1988.875 
1988.792 
1988.708 
1988.625 
1988.542 
1988.458 
1988.375 
1988.292 
1988.208 
1988.125 
1988.042 
1987.958 
1987.875 
1987.792 
1987.708 
1987.625 
1987.542 
1987.458 
1987.375 
1987.292 
1987.208 
1987.125 
1987.042 
1986.958 
1986.875 
9.191889 
9.196037 
9.186223 
9.146223 
9.169628 
9.186295 
9.282962 
9.290186 
9.256852 
9.236760 
9.220093 
9.236574 
9.245679 
9.223457 
9.203426 
9.186760 
9.219628 
9.328741 
9.347554 
9.368111 
9.348111 
9.328111 
9.300186 
9.265593 
9.218927 
9.207926 
9.215593 
9.168927 
9.173777 
9.246223 
9.224592 
9.219432 
9.201655 
9.191531 
9.195975 
9.198321 
9.180544 
9.162766 
9.148741 
9.135408 
9.189502 
9.249801 
9.284926 
9.295025 
9.258599 
9.225946 
9.180000 
9.180000 
9.134999 
9.072832 
9.133335 
9.160000 
9.205336 
9.215832 
9.177999 
9.163167 
9.179335 
9.205500 
9.176665 
9.130833 
9.093999 
9.065499 
9.132002 
9.183500 
9.190000 
9.190000 
9.177999 
9.141998 
9.098001 
9.158001 
9.176001 
9.165999 
9.133999 
9.088999 
9.184066 
9.136037 
9.143661 
9.252153 
9.195710 
9.115750 
9.087960 
9.072968 
9.070000 
9.070000 
9.049985 
9.024997 
9.071335 
9.096500 
9.117001 
9.134833 
9.160001 
9.183666 
9.150001 
9.158889 
9.118889 
9.110001 
9.163334 
9.203334 
9.309999 
9.230000 
9.190000 
9.160000 
9.140000 
9.200000 
9.170000 
9.160000 
9.170000 
9.130001 
9.220000 
9.203333 
9.240000 
9.240000 
9.238889 
9.233334 
9.225555 
9.214444 
9.196667 
9.174444 
9.130000 
9.080000 
9.140000 
9.220000 
9.210000 
9.210000 
9.203333 
9.190000 
9.176666 
9.156667 
9.130000 
9.163334 
9.173333 
9.160000 
9.175045 
9.210120 
9.270181 
9.309965 
9.301219 
9.284947 
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1986.792 
1986.708 
1986.625 
1986.542 
1986.458 
1986.375 
1986.292 
1986.208 
1986.125 
1986.042 
1985.958 
1985.875 
1985.792 
1985.708 
1985.625 
1985.542 
1985.458 
1985.375 
1985.292 
1985.208 
1985.125 
1985.042 
1984.958 
1984.875 
1984.792 
1984.708 
1984.625 
1984.542 
1984.458 
1984.375 
1984.292 
1984.208 
1984.125 
1984.042 
1983.958 
1983.875 
1983.792 
1983.708 
1983.625 
1983.542 
1983.458 
1983.375 
1983.292 
1983.208 
1983.125 
1983.042 
9.248436 
9.250000 
9.241058 
9.222132 
9.192145 
9.183040 
9.199814 
9.300000 
9.336481 
9.298016 
9.242112 
9.232690 
9.235694 
9.210000 
9.210000 
9.202327 
9.180746 
9.181820 
9.237361 
9.281860 
9.313761 
9.320753 
9.288389 
9.220892 
9.259782 
9.258531 
9.250000 
9.235807 
9.150257 
9.126309 
9.186940 
9.239851 
9.232612 
9.229901 
9.236542 
9.214053 
9.191564 
9.176050 
9.161058 
9.147050 
9.135805 
9.124561 
9.159628 
9.227410 
9.289442 
9.248112 
9.174667 
9.179499 
9.119333 
9.110167 
9.155001 
9.119165 
9.110051 
9.160000 
9.180141 
9.245287 
9.235891 
9.216476 
9.217137 
9.269611 
9.237915 
9.192458 
9.157990 
9.142998 
9.190031 
9.209908 
9.220283 
9.343026 
9.257494 
9.198445 
9.190000 
9.216148 
9.243816 
9.136961 
9.101978 
9.050493 
9.096001 
9.184001 
9.201332 
9.136999 
9.132001 
9.178334 
9.199333 
9.209000 
9.167997 
9.119002 
9.127998 
9.077000 
9.110041 
9.103964 
9.132113 
9.180191 
9.261184 
9.204843 
9.163763 
9.172509 
9.178745 
9.170000 
9.170000 
9.190000 
9.260000 
9.228756 
9.217511 
9.210000 
9.214977 
9.220000 
9.212534 
9.262264 
9.240135 
9.239880 
9.299880 
9.270020 
9.309999 
9.287778 
9.266666 
9.250000 
9.235556 
9.224444 
9.186666 
9.131111 
9.111111 
9.100000 
9.147588 
9.159930 
9.132552 
9.220000 
9.220000 
9.219925 
9.194938 
9.169889 
9.114918 
9.060000 
9.060000 
9.060000 
9.250000 
9.250000 
9.280000 
9.306666 
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1982.958 
1982.875 
1982.792 
1982.708 
1982.625 
1982.542 
1982.458 
1982.375 
1982.292 
1982.208 
1982.125 
1982.042 
1981.958 
1981.875 
1981.792 
1981.708 
1981.625 
1981.542 
1981.458 
1981.375 
1981.292 
1981.208 
1981.125 
1981.042 
1980.958 
1980.875 
1980.792 
1980.708 
1980.625 
1980.542 
1980.458 
1980.375 
1980.292 
1980.208 
1980.125 
1980.042 
1979.958 
1979.875 
1979.792 
1979.708 
1979.625 
1979.542 
1979.458 
1979.375 
1979.292 
1979.208 
9.228112 
9.208112 
9.198019 
9.194685 
9.191352 
9.199907 
9.216574 
9.233240 
9.263801 
9.274040 
9.281940 
9.295980 
9.277570 
9.240089 
9.227536 
9.222479 
9.228726 
9.220055 
9.205122 
9.180134 
9.199751 
9.289602 
9.340000 
9.364876 
9.349628 
9.294054 
9.271564 
9.276975 
9.266588 
9.246066 
9.231073 
9.202161 
9.237554 
9.315036 
9.345408 
9.340000 
9.327482 
9.303877 
9.284149 
9.263357 
9.298913 
9.248298 
9.247506 
9.256395 
9.236199 
9.249801 
9.184978 
9.174922 
9.149935 
9.140000 
9.139970 
9.121229 
9.094976 
9.057495 
9.080072 
9.176127 
9.182852 
9.201637 
9.276073 
9.296062 
9.267896 
9.227915 
9.199960 
9.174972 
9.170000 
9.170000 
9.170000 
9.258002 
9.288000 
9.257999 
9.185999 
9.146000 
9.196002 
9.129998 
9.134001 
9.132000 
9.122000 
9.104000 
9.107333 
9.136001 
9.184001 
9.219667 
9.185998 
9.129500 
9.161668 
9.197000 
9.183334 
9.229167 
9.248000 
9.151999 
9.130000 
9.218001 
9.293333 
9.240000 
9.226666 
9.203333 
9.170000 
9.143333 
9.123333 
9.110001 
9.240020 
9.219840 
9.220120 
9.269940 
9.254948 
9.239970 
9.229975 
9.219980 
9.209985 
9.199980 
9.179990 
9.160000 
9.185075 
9.245075 
9.282613 
9.279840 
9.240000 
9.240090 
9.269875 
9.220060 
9.249955 
9.219950 
9.169970 
9.110001 
9.210000 
9.210000 
9.270000 
9.281111 
9.284445 
9.256666 
9.228889 
9.201111 
9.183333 
9.172222 
9.156667 
9.140000 
9.227637 
9.310000 
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1979.125 
1979.042 
1978.958 
1978.875 
1978.792 
1978.708 
1978.625 
1978.542 
1978.458 
1978.375 
1978.292 
1978.208 
1978.125 
1978.042 
1977.958 
1977.875 
1977.792 
1977.708 
1977.625 
1977.542 
1977.458 
1977.375 
1977.292 
1977.208 
1977.125 
1977.042 
1976.958 
1976.875 
1976.792 
1976.708 
1976.625 
1976.542 
1976.458 
1976.375 
1976.292 
1976.208 
1976.125 
1976.042 
1975.958 
1975.875 
1975.792 
1975.708 
1975.625 
1975.542 
1975.458 
1975.375 
9.311791 
9.363921 
9.353833 
9.322042 
9.296376 
9.264411 
9.290000 
9.290000 
9.228339 
9.184188 
9.219089 
9.285910 
9.308433 
9.337941 
9.344767 
9.332042 
9.311825 
9.287060 
9.268918 
9.225192 
9.189169 
9.180000 
9.200826 
9.243793 
9.305447 
9.350756 
9.374383 
9.332979 
9.297305 
9.267305 
9.238767 
9.210228 
9.210000 
9.262040 
9.336462 
9.383783 
9.423847 
9.463911 
9.469533 
9.420210 
9.370899 
9.392649 
9.349351 
9.323115 
9.258339 
9.207734 
9.191999 
9.204000 
9.226001 
9.181999 
9.162000 
9.168000 
9.170000 
9.170000 
9.146000 
9.115999 
9.128667 
9.192000 
9.204666 
9.181333 
9.145999 
9.160667 
9.160666 
9.111000 
9.112000 
9.111668 
9.127999 
9.089333 
9.152074 
9.170000 
9.210141 
9.316459 
9.333973 
9.294766 
9.221843 
9.161873 
9.168036 
9.162458 
9.126987 
9.104497 
9.180081 
9.224054 
9.318310 
9.404305 
9.347674 
9.273782 
9.251974 
9.201873 
9.214048 
9.203978 
9.183988 
9.155996 
9.302463 
9.349775 
9.293553 
9.272804 
9.313553 
9.259955 
9.237467 
9.184933 
9.161244 
9.140000 
9.192553 
9.229790 
9.255105 
9.289850 
9.252369 
9.214888 
9.177406 
9.139925 
9.102444 
9.084992 
9.077497 
9.070000 
9.142552 
9.195175 
9.227868 
9.319800 
9.269800 
9.200000 
9.200006 
9.209994 
9.190034 
9.199971 
9.190040 
9.253846 
9.311955 
9.340000 
9.350096 
9.389960 
9.379650 
9.280060 
9.300000 
9.300040 
9.319940 
9.279960 
9.239975 
9.190000 
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1975.292 
1975.208 
1975.125 
1975.042 
1974.958 
1974.875 
1974.792 
1974.708 
1974.625 
1974.542 
1974.458 
1974.375 
1974.292 
1974.208 
1974.125 
1974.042 
1973.958 
1973.875 
1973.792 
1973.708 
1973.625 
1973.542 
1973.458 
1973.375 
1973.292 
1973.208 
1973.125 
1973.042 
1972.958 
1972.875 
1972.792 
1972.708 
1972.625 
1972.542 
1972.458 
1972.375 
1972.292 
1972.208 
1972.125 
1972.042 
1971.958 
1971.875 
1971.792 
1971.708 
1971.625 
1971.542 
9.204875 
9.269701 
9.377388 
9.409950 
9.375142 
9.316036 
9.301043 
9.300000 
9.273175 
9.238033 
9.230536 
9.223040 
9.282478 
9.284482 
9.294553 
9.348895 
9.349066 
9.314083 
9.288058 
9.268068 
9.218272 
9.148307 
9.120000 
9.120000 
9.189349 
9.246295 
9.276202 
9.296791 
9.274568 
9.265587 
9.260031 
9.254475 
9.245680 
9.223457 
9.201235 
9.179013 
9.170000 
9.239651 
9.342463 
9.379851 
9.369628 
9.310090 
9.272607 
9.318823 
9.317646 
9.288033 
9.190041 
9.208018 
9.290282 
9.366267 
9.365937 
9.302227 
9.232862 
9.226148 
9.273957 
9.250760 
9.259505 
9.169239 
9.182033 
9.270182 
9.290000 
9.314115 
9.263747 
9.233937 
9.221973 
9.220000 
9.187936 
9.131933 
9.095982 
9.081999 
9.117334 
9.152000 
9.158667 
9.154667 
9.158000 
9.184667 
9.200666 
9.202000 
9.175333 
9.164666 
9.158000 
9.151333 
9.228028 
9.189191 
9.176655 
9.325668 
9.315802 
9.260829 
9.258026 
9.260000 
9.235951 
9.246022 
9.230020 
9.290280 
9.309700 
9.359975 
9.353728 
9.347482 
9.341234 
9.324963 
9.304962 
9.279975 
9.236222 
9.180000 
9.294985 
9.399820 
9.370270 
9.218592 
9.282250 
9.227392 
9.204705 
9.216228 
9.235881 
9.234904 
9.192904 
9.168284 
9.141506 
9.049855 
9.100489 
9.095240 
9.143307 
9.207478 
9.147818 
9.129392 
9.211705 
9.198272 
9.180310 
9.197856 
9.094153 
9.121794 
9.196531 
9.098925 
9.176485 
9.223807 
9.226373 
9.197843 
9.164579 
9.142899 
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1971.458 
1971.375 
1971.292 
1971.208 
1971.125 
1971.042 
1970.958 
1970.875 
1970.792 
1970.708 
1970.625 
1970.542 
1970.458 
1970.375 
1970.292 
1970.208 
1970.125 
1970.042 
1969.958 
1969.875 
1969.792 
1969.708 
1969.625 
1969.542 
1969.458 
1969.375 
1969.292 
1969.208 
1969.125 
1969.042 
1968.958 
1968.875 
1968.792 
1968.708 
1968.625 
1968.542 
1968.458 
1968.375 
1968.292 
1968.208 
1968.125 
1968.042 
1967.958 
1967.875 
1967.792 
1967.708 
9.280536 
9.238242 
9.252654 
9.384335 
9.363778 
9.372074 
9.355594 
9.308927 
9.266223 
9.231888 
9.251888 
9.240186 
9.207482 
9.180816 
9.209628 
9.329721 
9.330000 
9.313488 
9.285711 
9.280000 
9.280000 
9.291049 
9.293519 
9.260186 
9.224662 
9.185773 
9.259252 
9.309900 
9.329851 
9.394826 
9.411309 
9.380074 
9.367536 
9.352563 
9.333823 
9.315082 
9.290244 
9.240269 
9.237850 
9.351821 
9.352090 
9.386030 
9.348600 
9.311982 
9.319479 
9.354874 
9.217976 
9.193997 
9.190000 
9.242002 
9.235999 
9.210000 
9.214000 
9.220000 
9.198998 
9.133000 
9.151334 
9.169667 
9.124999 
9.087333 
9.104000 
9.206001 
9.222000 
9.252001 
9.179999 
9.136000 
9.226002 
9.226000 
9.188000 
9.148000 
9.108000 
9.075999 
9.150002 
9.235001 
9.273334 
9.260000 
9.259999 
9.235000 
9.216666 
9.205000 
9.193333 
9.173333 
9.139999 
9.106667 
9.210081 
9.284955 
9.249859 
9.290381 
9.269819 
9.228730 
9.222484 
9.227527 
9.159133 
9.200560 
9.106216 
9.162108 
9.269197 
9.252947 
9.236253 
9.217786 
9.205794 
9.203517 
9.176396 
9.132712 
9.093741 
9.055948 
9.059821 
9.150748 
9.171817 
9.165837 
9.159858 
9.127571 
9.086514 
9.093536 
9.148636 
9.181094 
9.145626 
9.110158 
9.019089 
9.199114 
9.176132 
9.204794 
9.265934 
9.326723 
9.270494 
9.214378 
9.215416 
9.216385 
9.147993 
9.079600 
9.157043 
9.254017 
9.241286 
9.172392 
9.220791 
9.268927 
9.229850 
9.190896 
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1967.625 
1967.542 
1967.458 
1967.375 
1967.292 
1967.208 
1967.125 
1967.042 
1966.958 
1966.875 
1966.792 
1966.708 
1966.625 
1966.542 
1966.458 
1966.375 
1966.292 
1966.208 
1966.125 
1966.042 
1965.958 
1965.875 
1965.792 
1965.708 
1965.625 
1965.542 
1965.458 
1965.375 
1965.292 
1965.208 
1965.125 
1965.042 
1964.958 
1964.875 
1964.792 
1964.708 
1964.625 
1964.542 
1964.458 
1964.375 
1964.292 
1964.208 
1964.125 
1964.042 
1963.958 
1963.875 
9.356588 
9.322297 
9.254827 
9.194322 
9.192313 
9.249751 
9.329701 
9.394975 
9.395514 
9.374144 
9.314171 
9.296051 
9.285529 
9.266231 
9.213754 
9.189121 
9.202313 
9.219950 
9.289851 
9.320000 
9.299067 
9.276021 
9.270000 
9.272940 
9.290216 
9.298962 
9.284585 
9.234829 
9.217438 
9.289651 
9.334626 
9.419950 
9.415047 
9.390060 
9.365072 
9.340085 
9.312117 
9.282132 
9.252147 
9.222161 
9.227850 
9.257880 
9.287910 
9.317940 
9.321028 
9.306036 
9.240000 
9.240000 
9.197435 
9.091238 
9.106668 
9.152500 
9.195001 
9.232500 
9.270000 
9.240833 
9.211666 
9.215000 
9.240001 
9.250833 
9.205000 
9.159166 
9.174001 
9.204000 
9.230000 
9.255000 
9.228000 
9.188000 
9.212001 
9.252000 
9.248000 
9.233000 
9.217999 
9.203000 
9.154157 
9.233150 
9.203345 
9.295967 
9.303927 
9.283937 
9.251908 
9.216927 
9.177936 
9.137956 
9.121994 
9.111999 
9.150001 
9.195001 
9.240001 
9.266666 
9.200001 
9.241667 
9.213298 
9.235618 
9.176455 
9.117290 
9.122575 
9.149527 
9.173513 
9.170350 
9.173521 
9.230690 
9.234587 
9.128742 
9.167214 
9.185993 
9.161036 
9.079676 
9.138487 
9.262844 
9.153578 
9.137512 
9.240724 
9.260440 
9.240605 
9.223694 
9.112999 
9.151478 
9.229400 
9.238132 
9.138225 
9.137406 
9.086420 
9.093089 
9.163341 
9.256918 
9.203799 
9.262444 
9.228490 
9.222892 
9.252825 
9.267963 
9.168098 
9.155955 
9.184789 
9.218514 
9.255849 
9.293183 
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1963.792 
1963.708 
1963.625 
1963.542 
1963.458 
1963.375 
1963.292 
1963.208 
1963.125 
1963.042 
1962.958 
1962.875 
1962.792 
1962.708 
1962.625 
1962.542 
1962.458 
1962.375 
1962.292 
1962.208 
1962.125 
1962.042 
1961.958 
1961.875 
1961.792 
1961.708 
1961.625 
1961.542 
1961.458 
1961.375 
1961.292 
1961.208 
1961.125 
1961.042 
1960.958 
1960.875 
1960.792 
1960.708 
1960.625 
1960.542 
1960.458 
1960.375 
1960.292 
1960.208 
1960.125 
1960.042 
9.294029 
9.284034 
9.256155 
9.216175 
9.188098 
9.168108 
9.171900 
9.221721 
9.261940 
9.293920 
9.302524 
9.290030 
9.258840 
9.237521 
9.231274 
9.234973 
9.232683 
9.195202 
9.182478 
9.255862 
9.326341 
9.324825 
9.330094 
9.280119 
9.248840 
9.237437 
9.256177 
9.250055 
9.240000 
9.240000 
9.216200 
9.247681 
9.303880 
9.367841 
9.388037 
9.332189 
9.305971 
9.292101 
9.256154 
9.240000 
9.228097 
9.190268 
9.207188 
9.279701 
9.322463 
9.330000 
9.236667 
9.240000 
9.266667 
9.278332 
9.169998 
9.003331 
9.079939 
9.124326 
9.216126 
9.254114 
9.207766 
9.142798 
9.121974 
9.111979 
9.101984 
9.091989 
9.061978 
9.026997 
9.073334 
9.130000 
9.150000 
9.135000 
9.160001 
9.235001 
9.203333 
9.175000 
9.180000 
9.184999 
9.110000 
9.093333 
9.163334 
9.164000 
9.206668 
9.245167 
9.216000 
9.189501 
9.212334 
9.226000 
9.254000 
9.171499 
9.161000 
9.086499 
9.139979 
9.132613 
9.200211 
9.245095 
9.311928 
9.293934 
9.275940 
9.260312 
9.245860 
9.231408 
9.100126 
9.209239 
9.206151 
9.224940 
9.282338 
9.364339 
9.337487 
9.329164 
9.372885 
9.385080 
9.311650 
9.297377 
9.224197 
9.180680 
9.169593 
9.193375 
9.195782 
9.290936 
9.237783 
9.259726 
9.121983 
9.200301 
9.280293 
9.141936 
9.183123 
9.227312 
9.290854 
9.269826 
9.325405 
9.316335 
9.274819 
9.212839 
9.297655 
9.225703 
9.249279 
9.253081 
9.199169 
9.242496 
9.280161 
9.211538 
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1959.958 
1959.875 
1959.792 
1959.708 
1959.625 
1959.542 
1959.458 
1959.375 
1959.292 
1959.208 
1959.125 
1959.042 
1958.958 
1958.875 
1958.792 
1958.708 
1958.625 
1958.542 
1958.458 
1958.375 
1958.292 
1958.208 
1958.125 
1958.042 
1957.958 
1957.875 
1957.792 
1957.708 
1957.625 
1957.542 
1957.458 
1957.375 
1957.292 
1957.208 
1957.125 
1957.042 
1956.958 
1956.875 
1956.792 
1956.708 
1956.625 
1956.542 
1956.458 
1956.375 
1956.292 
1956.208 
9.303834 
9.272042 
9.257275 
9.247060 
9.230216 
9.238962 
9.216877 
9.197094 
9.195950 
9.229800 
9.273880 
9.301960 
9.310000 
9.310000 
9.278840 
9.250085 
9.225097 
9.200110 
9.180000 
9.180000 
9.180000 
9.247880 
9.242090 
9.309851 
9.333271 
9.322027 
9.310782 
9.289076 
9.266588 
9.243116 
9.216879 
9.190642 
9.212477 
9.230345 
9.327234 
9.323720 
9.357571 
9.324054 
9.301564 
9.293025 
9.281059 
9.256232 
9.203755 
9.262637 
9.236450 
9.326359 
9.250000 
9.250000 
9.240824 
9.173358 
9.141964 
9.130000 
9.126987 
9.104498 
9.148048 
9.208109 
9.228028 
9.262153 
9.179594 
9.141710 
9.193883 
9.168322 
9.181964 
9.170000 
9.124453 
9.107751 
9.128000 
9.154000 
9.186001 
9.231001 
9.204000 
9.187000 
9.191999 
9.132000 
9.144000 
9.149500 
9.125999 
9.096000 
9.154001 
9.162000 
9.200001 
9.194000 
9.158000 
9.198000 
9.177999 
9.162000 
9.224001 
9.167999 
9.142000 
9.084000 
9.100030 
9.162163 
9.247493 
9.283448 
9.297369 
9.267745 
9.238121 
9.238544 
9.253899 
9.269254 
9.225463 
9.181741 
9.172879 
9.163879 
9.120382 
9.077191 
9.136058 
9.194786 
9.184180 
9.173543 
9.131578 
9.089614 
9.075566 
9.114175 
9.180600 
9.249940 
9.234947 
9.220030 
9.230025 
9.239921 
9.199941 
9.159990 
9.149995 
9.140000 
9.165045 
9.209970 
9.230269 
9.230120 
9.260104 
9.244888 
9.217482 
9.210179 
9.300134 
9.249881 
9.167497 
9.160000 
9.270000 
9.289731 
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1956.125 
1956.042 
1955.958 
1955.875 
1955.792 
1955.708 
1955.625 
1955.542 
1955.458 
1955.375 
1955.292 
1955.208 
1955.125 
1955.042 
1954.958 
1954.875 
1954.792 
1954.708 
1954.625 
1954.542 
1954.458 
1954.375 
1954.292 
1954.208 
1954.125 
1954.042 
1953.958 
1953.875 
1953.792 
1953.708 
1953.625 
1953.542 
1953.458 
1953.375 
1953.292 
1953.208 
1953.125 
1953.042 
1952.958 
1952.875 
1952.792 
1952.708 
1952.625 
1952.542 
1952.458 
1952.375 
9.343731 
9.379851 
9.410000 
9.410000 
9.392087 
9.362102 
9.350000 
9.350000 
9.329171 
9.294189 
9.280000 
9.327880 
9.340000 
9.461761 
9.460657 
9.386127 
9.333650 
9.326513 
9.322765 
9.318033 
9.310536 
9.289121 
9.294875 
9.290050 
9.319701 
9.404875 
9.427009 
9.422012 
9.393130 
9.348153 
9.324039 
9.314044 
9.295122 
9.270135 
9.280000 
9.300000 
9.271941 
9.321767 
9.334114 
9.286036 
9.271043 
9.263025 
9.233176 
9.196066 
9.181073 
9.159121 
9.242043 
9.257057 
9.245937 
9.222669 
9.210000 
9.216537 
9.227986 
9.216202 
9.172473 
9.170000 
9.190021 
9.222613 
9.270070 
9.347929 
9.329820 
9.303938 
9.243817 
9.213958 
9.242064 
9.266022 
9.205952 
9.133992 
9.210031 
9.240000 
9.270210 
9.315095 
9.279819 
9.189690 
9.161974 
9.192084 
9.191984 
9.157956 
9.133987 
9.121999 
9.125334 
9.154000 
9.234000 
9.239333 
9.228000 
9.221334 
9.182667 
9.158000 
9.184667 
9.190000 
9.182000 
9.155334 
9.254866 
9.359820 
9.314843 
9.269956 
9.254963 
9.239980 
9.229985 
9.219985 
9.204992 
9.190001 
9.285045 
9.379731 
9.269820 
9.329801 
9.279825 
9.237407 
9.206172 
9.215037 
9.224963 
9.199975 
9.178741 
9.160000 
9.200049 
9.250060 
9.280149 
9.329776 
9.278710 
9.262399 
9.224888 
9.210045 
9.232533 
9.202445 
9.172489 
9.150001 
9.190020 
9.210060 
9.240030 
9.249930 
9.232439 
9.184843 
9.170000 
9.180035 
9.174948 
9.150000 
9.148746 
9.140000 
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1952.292 
1952.208 
1952.125 
1952.042 
1951.958 
1951.875 
1951.792 
1951.708 
1951.625 
1951.542 
1951.458 
1951.375 
1951.292 
1951.208 
1951.125 
1951.042 
1950.958 
1950.875 
1950.792 
1950.708 
1950.625 
1950.542 
1950.458 
1950.375 
1950.292 
1950.208 
1950.125 
1950.042 
1949.958 
1949.875 
1949.792 
1949.708 
1949.625 
1949.542 
1949.458 
1949.375 
1949.292 
1949.208 
1949.125 
1949.042 
1948.958 
1948.875 
1948.792 
1948.708 
1948.625 
1948.542 
9.216938 
9.289750 
9.274626 
9.345025 
9.299629 
9.250000 
9.250000 
9.263949 
9.278941 
9.278199 
9.233218 
9.188242 
9.184875 
9.259650 
9.340000 
9.354925 
9.351309 
9.320075 
9.301304 
9.287521 
9.281274 
9.289945 
9.297561 
9.285067 
9.297850 
9.322120 
9.336865 
9.395880 
9.423738 
9.429985 
9.398840 
9.380000 
9.380000 
9.389945 
9.385367 
9.310404 
9.360325 
9.319700 
9.323135 
9.380000 
9.359067 
9.312148 
9.286348 
9.328530 
9.319784 
9.311039 
9.167334 
9.198501 
9.267333 
9.193501 
9.228001 
9.234499 
9.170000 
9.197001 
9.187333 
9.187000 
9.252000 
9.113333 
9.070000 
9.072500 
9.101666 
9.139501 
9.192000 
9.194667 
9.171333 
9.197500 
9.208000 
9.155499 
9.142000 
9.165334 
9.165986 
9.186127 
9.201901 
9.322232 
9.331874 
9.285337 
9.269046 
9.240779 
9.184168 
9.277721 
9.251484 
9.208745 
9.194000 
9.204000 
9.237000 
9.289500 
9.306000 
9.299500 
9.275000 
9.237500 
9.272000 
9.272000 
9.182611 
9.255045 
9.172164 
9.219920 
9.199930 
9.179985 
9.174988 
9.169950 
9.144963 
9.119966 
9.084983 
9.050000 
9.139971 
9.170000 
9.180090 
9.219980 
9.214983 
9.209955 
9.194963 
9.180010 
9.185007 
9.189970 
9.159986 
9.130000 
9.205104 
9.270030 
9.274955 
9.260124 
9.291359 
9.279777 
9.204814 
9.205037 
9.216222 
9.197481 
9.186247 
9.180000 
9.245104 
9.290070 
9.294895 
9.359826 
9.316097 
9.272369 
9.228642 
9.240049 
9.246148 
9.177432 
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1948.458 
1948.375 
1948.292 
1948.208 
1948.125 
1948.042 
1947.958 
1947.875 
1947.792 
1947.708 
1947.625 
1947.542 
1947.458 
1947.375 
1947.292 
1947.208 
1947.125 
1947.042 
1946.958 
1946.875 
1946.792 
1946.708 
1946.625 
1946.542 
1946.458 
1946.375 
1946.292 
1946.208 
1946.125 
1946.042 
1945.958 
1945.875 
1945.792 
1945.708 
1945.625 
1945.542 
1945.458 
1945.375 
1945.292 
1945.208 
1945.125 
1945.042 
1944.958 
1944.875 
1944.792 
1944.708 
9.286877 
9.280000 
9.306775 
9.352120 
9.366865 
9.340000 
9.321309 
9.290075 
9.296232 
9.304958 
9.317451 
9.324973 
9.315367 
9.240404 
9.217438 
9.249850 
9.367238 
9.449850 
9.485981 
9.424261 
9.391943 
9.394034 
9.384039 
9.356175 
9.292389 
9.260000 
9.362064 
9.433793 
9.388213 
9.357035 
9.346262 
9.340015 
9.308840 
9.277606 
9.246372 
9.215137 
9.186342 
9.167601 
9.154050 
9.203640 
9.311640 
9.348040 
9.317572 
9.284054 
9.261564 
9.280924 
9.220000 
9.220000 
9.220000 
9.277000 
9.272667 
9.345333 
9.312000 
9.297333 
9.243667 
9.250000 
9.250000 
9.225333 
9.203000 
9.184333 
9.279950 
9.247658 
9.340281 
9.372453 
9.382054 
9.351244 
9.277961 
9.262968 
9.266012 
9.262983 
9.242969 
9.190495 
9.216667 
9.256001 
9.224667 
9.219000 
9.258000 
9.260500 
9.228333 
9.191500 
9.198667 
9.180333 
9.126000 
9.120000 
9.144000 
9.142000 
9.220000 
9.232000 
9.206000 
9.200000 
9.232000 
9.208000 
9.150000 
9.150000 
9.210138 
9.240139 
9.220209 
9.279901 
9.254913 
9.234962 
9.222469 
9.199950 
9.174963 
9.149976 
9.136247 
9.130000 
9.177537 
9.250249 
9.322612 
9.419850 
9.382369 
9.319777 
9.262444 
9.240104 
9.292578 
9.304993 
9.274963 
9.200001 
9.225024 
9.265124 
9.327686 
9.310070 
9.327560 
9.277317 
9.228642 
9.235086 
9.241185 
9.202475 
9.173729 
9.130001 
9.150079 
9.230040 
9.250000 
9.249965 
9.241220 
9.240000 
9.214913 
9.230104 
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1944.625 
1944.542 
1944.458 
1944.375 
1944.292 
1944.208 
1944.125 
1944.042 
1943.958 
1943.875 
1943.792 
1943.708 
1943.625 
1943.542 
1943.458 
1943.375 
1943.292 
1943.208 
1943.125 
1943.042 
1942.958 
1942.875 
1942.792 
1942.708 
1942.625 
1942.542 
1942.458 
1942.375 
1942.292 
1942.208 
1942.125 
1942.042 
1941.958 
1941.875 
1941.792 
1941.708 
1941.625 
1941.542 
1941.458 
1941.375 
1941.292 
1941.208 
1941.125 
1941.042 
1940.958 
1940.875 
9.281059 
9.262133 
9.232146 
9.209121 
9.229750 
9.230050 
9.337238 
9.399950 
9.387572 
9.348109 
9.303129 
9.306975 
9.310000 
9.304099 
9.281609 
9.273040 
9.292312 
9.300000 
9.312463 
9.349850 
9.369534 
9.356021 
9.339101 
9.307060 
9.289784 
9.281039 
9.264585 
9.260000 
9.322475 
9.277880 
9.325820 
9.339850 
9.338600 
9.294054 
9.271564 
9.290924 
9.277647 
9.238199 
9.193219 
9.148242 
9.171650 
9.182120 
9.229700 
9.258040 
9.252991 
9.257988 
9.192000 
9.174000 
9.154000 
9.110000 
9.160000 
9.200000 
9.236667 
9.288333 
9.280000 
9.271667 
9.276667 
9.220000 
9.163333 
9.173333 
9.190000 
9.115000 
9.126667 
9.185000 
9.226666 
9.231667 
9.290000 
9.240000 
9.243334 
9.230000 
9.203333 
9.188334 
9.180000 
9.155000 
9.183333 
9.195000 
9.183333 
9.173333 
9.190000 
 
9.237422 
9.192474 
9.167492 
9.150001 
9.172512 
9.220199 
9.282612 
9.319921 
9.299826 
9.249970 
9.240000 
9.240000 
9.239985 
9.230020 
9.249956 
9.160002 
9.199981 
9.180139 
9.250030 
9.259826 
9.216098 
9.217526 
9.220000 
9.209966 
9.196237 
9.184983 
9.170000 
9.170000 
9.239990 
9.229980 
9.220149 
9.270000 
9.270000 
9.244888 
9.169627 
9.020283 
9.162711 
9.210000 
9.217511 
9.240000 
9.060216 
9.229801 
9.180239 
9.249901 
9.224913 
9.199955 
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1940.792 
1940.708 
1940.625 
1940.542 
1940.458 
1940.375 
1940.292 
1940.208 
1940.125 
1940.042 
1939.958 
1939.875 
1939.792 
1939.708 
1939.625 
1939.542 
1939.458 
1939.375 
1939.292 
1939.208 
1939.125 
1939.042 
1938.958 
1938.875 
1938.792 
1938.708 
1938.625 
1938.542 
1938.458 
1938.375 
1938.292 
1938.208 
1938.125 
1938.042 
1937.958 
1937.875 
1937.792 
1937.708 
1937.625 
1937.542 
1937.458 
1937.375 
1937.292 
1937.208 
1937.125 
1937.042 
9.262986 
9.267983 
9.246156 
9.206176 
9.175122 
9.150135 
9.160413 
9.225516 
9.245447 
9.247789 
9.285514 
9.274054 
9.251564 
9.229076 
9.197647 
9.168033 
9.160536 
9.194798 
9.221900 
9.277680 
9.351790 
9.374020 
9.356542 
9.326080 
9.264693 
9.281849 
9.309766 
9.248199 
9.220000 
9.236318 
9.279750 
9.339750 
9.357237 
9.424925 
9.417572 
9.380091 
9.342607 
9.326051 
9.302117 
9.276066 
9.261073 
9.232162 
9.228925 
9.249850 
9.287387 
9.317940 
9.184963 
9.169991 
9.164992 
9.159970 
9.129986 
9.100000 
9.169980 
9.170079 
9.210060 
9.219951 
9.207457 
9.189925 
9.164938 
9.149975 
9.140000 
9.140000 
9.128741 
9.110001 
9.197536 
9.220000 
9.242612 
9.250000 
9.250000 
9.234933 
9.212444 
9.189970 
9.174978 
9.159986 
9.147496 
9.140000 
9.180049 
9.230080 
9.270209 
9.339960 
9.329930 
9.309821 
9.250099 
9.289961 
9.269926 
9.219932 
9.149995 
9.140000 
9.217537 
9.270148 
9.284925 
9.280000 
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1936.958 
1936.875 
1936.792 
1936.708 
1936.625 
1936.542 
1936.458 
1936.375 
1936.292 
1936.208 
1936.125 
1936.042 
1935.958 
1935.875 
1935.792 
1935.708 
1935.625 
1935.542 
1935.458 
1935.375 
1935.292 
1935.208 
1935.125 
1935.042 
1934.958 
1934.875 
1934.792 
1934.708 
1934.625 
1934.542 
1934.458 
1934.375 
1934.292 
1934.208 
1934.125 
1934.042 
1933.958 
1933.875 
1933.792 
1933.708 
1933.625 
1933.542 
1933.458 
1933.375 
1933.292 
1933.208 
9.318037 
9.292071 
9.256114 
9.263865 
9.262116 
9.232131 
9.214049 
9.198107 
9.198925 
9.259700 
9.316865 
9.369850 
9.364112 
9.328047 
9.314029 
9.310000 
9.310000 
9.298087 
9.290000 
9.260269 
9.254875 
9.250050 
9.262162 
9.339950 
9.327538 
9.310000 
 
9.280000 
9.280030 
9.290025 
9.299891 
9.244919 
9.189976 
9.164988 
9.140000 
9.194965 
9.200139 
9.252761 
9.319921 
9.299861 
9.259881 
9.220124 
9.270040 
9.289970 
9.269951 
9.219981 
9.180001 
9.240088 
9.264956 
9.259731 
9.289955 
9.278711 
9.267467 
9.254963 
9.239970 
9.224977 
9.207481 
9.188741 
9.170000 
9.195024 
9.225075 
9.247538 
9.319801 
9.277456 
9.275037 
9.280000 
9.249975 
9.237481 
9.219975 
9.194988 
9.180000 
9.190049 
9.239980 
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1933.125 
1933.042 
1932.958 
1932.875 
1932.792 
1932.708 
1932.625 
1932.542 
1932.458 
1932.375 
1932.292 
1932.208 
1932.125 
1932.042 
1931.958 
1931.875 
1931.792 
1931.708 
1931.625 
1931.542 
1931.458 
1931.375 
1931.292 
1931.208 
1931.125 
1931.042 
1930.958 
1930.875 
1930.792 
1930.708 
1930.625 
1930.542 
1930.458 
1930.375 
1930.292 
1930.208 
1930.125 
1930.042 
1929.958 
1929.875 
1929.792 
1929.708 
1929.625 
1929.542 
1929.458 
1929.375 
9.229911 
9.199965 
9.191219 
9.174948 
9.188815 
9.189965 
9.183763 
9.187491 
9.174983 
9.140000 
9.185015 
9.210178 
9.259911 
9.289757 
9.228538 
9.182369 
9.188815 
9.210034 
9.197423 
9.147457 
9.107491 
9.090000 
9.140098 
9.215075 
9.260149 
9.260000 
9.249687 
9.180000 
9.191334 
9.210000 
9.222533 
9.184935 
9.161244 
9.140000 
9.175024 
9.200049 
9.240149 
9.230069 
9.247561 
9.227422 
9.182370 
9.154983 
9.153763 
9.172543 
9.202475 
9.150002 
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1929.292 
1929.208 
1929.125 
1929.042 
1928.958 
1928.875 
1928.792 
1928.708 
1928.625 
1928.542 
1928.458 
1928.375 
1928.292 
1928.208 
1928.125 
1928.042 
1927.958 
1927.875 
1927.792 
1927.708 
1927.625 
1927.542 
1927.458 
1927.375 
1927.292 
1927.208 
1927.125 
1927.042 
1926.958 
1926.875 
1926.792 
1926.708 
1926.625 
1926.542 
1926.458 
1926.375 
1926.292 
1926.208 
1926.125 
1926.042 
1925.958 
1925.875 
1925.792 
1925.708 
1925.625 
1925.542 
9.210058 
9.250059 
9.280089 
9.309821 
9.264844 
9.232533 
9.228666 
9.235111 
9.253734 
9.250000 
9.197468 
9.170000 
9.210039 
9.250079 
9.290030 
9.299881 
9.270104 
9.299911 
9.269901 
9.229921 
9.190074 
9.240020 
9.259981 
9.220001 
9.232512 
9.234975 
9.267686 
9.319880 
9.289930 
9.269970 
9.259926 
9.230040 
9.249927 
9.200000 
9.199995 
9.190001 
9.220049 
9.270000 
9.270089 
9.300045 
9.306132 
9.264799 
9.216222 
9.225066 
9.221200 
9.225022 
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1925.458 
1925.375 
1925.292 
1925.208 
1925.125 
1925.042 
1924.958 
1924.875 
1924.792 
1924.708 
1924.625 
1924.542 
1924.458 
1924.375 
1924.292 
1924.208 
1924.125 
1924.042 
1923.958 
1923.875 
1923.792 
1923.708 
1923.625 
1923.542 
1923.458 
1923.375 
1923.292 
1923.208 
1923.125 
1923.042 
1922.958 
1922.875 
1922.792 
1922.708 
1922.625 
1922.542 
1922.458 
1922.375 
1922.292 
1922.208 
1922.125 
1922.042 
1921.958 
1921.875 
1921.792 
1921.708 
9.194979 
9.150002 
9.225044 
9.340089 
9.304866 
9.339901 
9.314913 
9.289881 
9.249901 
9.209970 
9.194978 
9.179985 
9.164993 
9.150001 
9.240117 
9.319802 
9.260059 
9.330000 
9.330000 
9.314889 
9.277408 
9.249950 
9.228741 
9.222494 
9.204988 
9.180000 
9.280000 
9.299881 
9.239821 
9.290000 
9.290000 
9.269852 
9.219876 
9.220025 
9.228741 
9.222494 
9.186223 
9.130001 
9.220068 
9.275104 
9.257656 
9.329955 
9.318711 
9.307467 
9.289926 
9.259941 
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1921.625 
1921.542 
1921.458 
1921.375 
1921.292 
1921.208 
1921.125 
1921.042 
1920.958 
1920.875 
1920.792 
1920.708 
1920.625 
1920.542 
1920.458 
1920.375 
1920.292 
1920.208 
1920.125 
1920.042 
1919.958 
1919.875 
1919.792 
1919.708 
1919.625 
1919.542 
1919.458 
1919.375 
1919.292 
1919.208 
1919.125 
1919.042 
1918.958 
1918.875 
1918.792 
1918.708 
1918.625 
1918.542 
1918.458 
1918.375 
1918.292 
1918.208 
1918.125 
1918.042 
1917.958 
1917.875 
9.229956 
9.214993 
9.207497 
9.200000 
9.259980 
9.260277 
9.290178 
9.339881 
9.309931 
9.289881 
9.249851 
9.190099 
9.239926 
9.189981 
9.169976 
9.120002 
9.217595 
9.244986 
9.234956 
9.220655 
9.299687 
9.229777 
9.169926 
9.289911 
9.239912 
9.160000 
9.190042 
9.150002 
9.190097 
9.224876 
9.252760 
9.259732 
9.188398 
9.120133 
9.150000 
9.139956 
9.123734 
9.172576 
9.137468 
9.080002 
9.195122 
9.290099 
9.302463 
9.310035 
9.318780 
9.312474 
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1917.792 
1917.708 
1917.625 
1917.542 
1917.458 
1917.375 
1917.292 
1917.208 
1917.125 
1917.042 
1916.958 
1916.875 
1916.792 
1916.708 
1916.625 
1916.542 
1916.458 
1916.375 
1916.292 
1916.208 
1916.125 
1916.042 
1915.958 
1915.875 
1915.792 
1915.708 
1915.625 
1915.542 
1915.458 
1915.375 
1915.292 
1915.208 
1915.125 
1915.042 
1914.958 
1914.875 
1914.792 
1914.708 
1914.625 
1914.542 
1914.458 
1914.375 
1914.292 
1914.208 
1914.125 
1914.042 
9.284913 
9.264983 
9.275051 
9.305017 
9.309967 
9.240002 
9.287634 
9.390099 
9.372314 
9.419866 
9.387422 
9.370000 
9.370000 
9.349912 
9.273602 
9.179913 
9.160000 
9.150001 
9.250049 
9.310148 
9.287240 
9.359756 
9.298537 
9.222266 
9.218815 
9.235017 
9.243763 
9.247492 
9.228713 
9.150002 
9.190117 
9.309960 
9.290119 
9.329722 
9.259757 
9.265052 
9.270000 
9.254949 
9.247525 
9.252475 
9.224983 
9.190001 
9.167565 
9.189911 
9.205133 
9.309688 
 172 
1913.958 
1913.875 
1913.792 
1913.708 
1913.625 
1913.542 
1913.458 
1913.375 
1913.292 
1913.208 
1913.125 
1913.042 
1912.958 
1912.875 
1912.792 
1912.708 
1912.625 
1912.542 
1912.458 
1912.375 
1912.292 
1912.208 
1912.125 
1912.042 
1911.958 
1911.875 
1911.792 
1911.708 
1911.625 
1911.542 
1911.458 
1911.375 
1911.292 
1911.208 
1911.125 
1911.042 
1910.958 
1910.875 
1910.792 
1910.708 
1910.625 
1910.542 
1910.458 
1910.375 
1910.292 
1910.208 
9.230977 
9.189896 
9.217629 
9.224948 
9.213763 
9.220000 
9.211221 
9.150002 
9.180136 
9.319941 
9.289970 
9.280069 
9.297561 
9.284948 
9.280000 
9.290034 
9.273661 
9.217458 
9.180000 
9.180000 
9.299991 
9.289980 
9.280535 
9.389895 
9.363659 
9.337422 
9.308666 
9.274934 
9.241200 
9.224993 
9.217497 
9.210000 
9.262464 
9.265123 
9.320148 
9.429827 
9.386099 
9.327318 
9.316272 
9.320000 
9.342577 
9.387526 
9.401221 
9.340002 
9.387633 
9.444877 
 173 
1910.125 
1910.042 
1909.958 
1909.875 
1909.792 
1909.708 
1909.625 
1909.542 
1909.458 
1909.375 
1909.292 
1909.208 
1909.125 
1909.042 
1908.958 
1908.875 
1908.792 
1908.708 
1908.625 
1908.542 
1908.458 
1908.375 
1908.292 
1908.208 
1908.125 
1908.042 
1907.958 
1907.875 
1907.792 
1907.708 
1907.625 
1907.542 
1907.458 
1907.375 
1907.292 
1907.208 
1907.125 
1907.042 
1906.958 
1906.875 
1906.792 
1906.708 
1906.625 
1906.542 
1906.458 
1906.375 
9.420000 
9.449603 
9.364913 
9.350000 
9.350000 
9.379852 
9.330073 
9.319903 
9.249977 
9.230000 
9.280000 
9.330069 
9.322552 
9.379822 
9.334845 
9.345111 
9.362445 
9.340014 
9.347511 
9.334978 
9.304979 
9.260001 
9.282522 
9.320088 
9.370178 
9.429584 
9.324636 
9.272370 
9.247457 
9.234982 
9.256340 
9.279933 
9.221254 
9.230000 
9.252463 
9.260148 
9.320148 
9.399900 
9.374913 
9.334815 
9.325062 
9.240025 
9.255036 
9.249951 
9.207482 
9.200000 
 174 
1906.292 
1906.208 
1906.125 
1906.042 
1905.958 
1905.875 
1905.792 
1905.708 
1905.625 
1905.542 
1905.458 
1905.375 
1905.292 
1905.208 
1905.125 
1905.042 
1904.958 
1904.875 
1904.792 
1904.708 
1904.625 
1904.542 
1904.458 
1904.375 
1904.292 
1904.208 
1904.125 
1904.042 
1903.958 
1903.875 
1903.792 
1903.708 
1903.625 
1903.542 
1903.458 
1903.375 
1903.292 
1903.208 
1903.125 
1903.042 
1902.958 
1902.875 
1902.792 
1902.708 
1902.625 
1902.542 
9.246665 
9.296664 
9.339999 
9.323335 
9.301667 
9.319999 
9.358336 
9.303333 
9.290002 
9.250001 
9.223334 
9.220000 
9.269999 
9.280000 
9.304998 
9.349998 
9.373336 
9.290003 
9.240002 
9.243333 
9.235001 
9.213334 
9.190001 
9.140001 
9.254998 
9.314999 
9.330002 
9.283335 
9.245833 
9.235001 
9.235833 
9.279998 
9.285001 
9.313332 
9.219171 
9.230000 
9.237496 
9.304998 
9.267504 
9.289998 
9.202497 
9.240000 
9.232500 
9.259998 
9.220000 
9.200002 
 175 
1902.458 
1902.375 
1902.292 
1902.208 
1902.125 
1902.042 
1901.958 
1901.875 
1901.792 
1901.708 
1901.625 
1901.542 
1901.458 
1901.375 
1901.292 
1901.208 
1901.125 
1901.042 
1900.958 
1900.875 
1900.792 
1900.708 
1900.625 
1900.542 
1900.458 
1900.375 
1900.292 
1900.208 
1900.125 
1900.042 
1899.958 
1899.875 
1899.792 
1899.708 
1899.625 
1899.542 
1899.458 
1899.375 
1899.292 
1899.208 
1899.125 
1899.042 
1898.958 
1898.875 
1898.792 
1898.708 
9.157501 
9.120002 
9.239162 
9.283332 
9.237502 
9.180002 
9.177499 
9.209999 
9.246665 
9.260001 
9.240000 
9.233335 
9.196668 
9.160002 
9.254999 
9.284999 
9.277501 
9.319998 
9.242499 
9.264998 
9.272500 
9.250001 
9.197497 
9.245001 
9.195003 
9.160001 
9.372499 
9.390000 
9.385003 
9.333334 
9.349167 
9.325002 
9.300834 
9.263331 
9.267502 
9.318339 
9.221665 
9.150004 
9.228331 
9.266667 
9.284998 
9.336665 
9.316669 
9.260002 
9.288334 
9.293331 
 176 
1898.625 
1898.542 
1898.458 
1898.375 
1898.292 
1898.208 
1898.125 
1898.042 
1897.958 
1897.875 
1897.792 
1897.708 
1897.625 
1897.542 
1897.458 
1897.375 
1897.292 
1897.208 
1897.125 
1897.042 
1896.958 
1896.875 
1896.792 
1896.708 
1896.625 
1896.542 
1896.458 
1896.375 
1896.292 
1896.208 
1896.125 
1896.042 
1895.958 
1895.875 
1895.792 
1895.708 
1895.625 
1895.542 
1895.458 
1895.375 
1895.292 
1895.208 
1895.125 
1895.042 
1894.958 
1894.875 
9.300002 
9.253335 
9.240000 
9.190002 
9.225830 
9.290000 
9.294999 
9.296668 
9.265834 
9.270000 
9.309165 
9.330000 
9.262504 
9.240000 
9.240000 
9.180002 
9.252501 
9.249998 
9.299998 
9.349998 
9.310004 
9.245001 
9.240000 
9.190002 
9.169998 
9.200000 
9.200000 
9.170001 
9.190000 
9.249997 
9.220001 
9.210000 
9.239999 
9.279999 
9.240002 
9.259999 
9.220001 
9.239999 
9.220001 
9.210000 
9.232499 
9.289997 
9.347499 
9.369999 
9.310002 
9.309999 
 177 
1894.792 
1894.708 
1894.625 
1894.542 
1894.458 
1894.375 
1894.292 
1894.208 
1894.125 
1894.042 
 
9.315002 
9.270002 
9.292499 
9.275002 
9.247500 
9.240001 
9.247499 
9.250000 
9.252500 
9.259999 
 
 
 
 
Appendix IV: Clipperton Atoll reconstructed δ18Osw Time Series 
 
Year (C.E.) Clipperton Atoll 
reconstructed 
δ18Osw 
1994.0 
1993.9 
1993.8 
1993.7 
1993.6 
1993.5 
1993.5 
1993.4 
1993.3 
1993.2 
1993.1 
1993.0 
1993.0 
1992.9 
1992.8 
1992.7 
1992.6 
1992.5 
1992.5 
1992.4 
1992.3 
1992.2 
1992.1 
1992.0 
1992.0 
1991.9 
1991.8 
 
-0.356475346 
-0.027818552 
0.157477224 
-0.179327362 
-0.039327362 
0.039933805 
0.188457123 
0.240378398 
0.114158072 
0.094282596 
0.206090906 
0.151057495 
0.187092924 
0.134406167 
0.204406167 
0.019818076 
0.124514319 
0.210549748 
0.421965924 
0.250377476 
0.234313158 
0.195343616 
0.031419344 
0.13104206 
0.003236088 
0.225199085 
 178 
1991.7 
1991.6 
1991.5 
1991.5 
1991.4 
1991.3 
1991.2 
1991.1 
1991.0 
1991.0 
1990.9 
1990.8 
1990.7 
1990.6 
1990.5 
1990.5 
1990.4 
1990.3 
1990.2 
1990.1 
1990.0 
1990.0 
1989.9 
1989.8 
1989.7 
1989.6 
1989.5 
1989.5 
1989.4 
1989.3 
1989.2 
1989.1 
1989.0 
1989.0 
1988.9 
1988.8 
1988.7 
1988.6 
1988.5 
1988.5 
1988.4 
1988.3 
1988.2 
1988.1 
1988.0 
1988.0 
0.310564751 
0.2658379 
0.155106568 
0.114545388 
0.202836414 
0.291126518 
0.38913311 
0.18266248 
0.120673346 
0.16999498 
0.059745165 
-0.008581179 
-0.031000649 
0.144655581 
0.08515235 
0.117823325 
0.230809471 
0.148138404 
0.224156999 
0.061169192 
-0.116792912 
0.149180457 
0.222166234 
0.274406536 
0.315897734 
0.161419529 
0.273659646 
0.324405859 
0.253659676 
0.296642963 
0.069925933 
0.181171375 
0.068432521 
0.158432521 
0.091848911 
-0.011069572 
0.012844631 
0.147007634 
0.281668605 
0.359994611 
0.406647114 
0.410378829 
0.245897303 
0.089925963 
0.250672638 
0.200672638 
 179 
1987.9 
1987.8 
1987.7 
1987.6 
1987.5 
1987.5 
1987.4 
1987.3 
1987.2 
1987.1 
1987.0 
1987.0 
1986.9 
1986.8 
1986.7 
1986.6 
1986.5 
1986.5 
1986.4 
1986.3 
1986.2 
1986.1 
1986.0 
1986.0 
1985.9 
1985.8 
1985.7 
1985.6 
1985.5 
1985.5 
1985.4 
1985.3 
1985.2 
1985.1 
1985.0 
1985.0 
1984.9 
1984.8 
1984.7 
1984.6 
1984.5 
1984.5 
1984.4 
1984.3 
1984.2 
1984.1 
0.141170637 
0.092166265 
0.063161862 
0.114655489 
0.216645792 
0.164156753 
0.133410754 
0.144406167 
0.208146949 
0.110302448 
-0.144362451 
-0.196686744 
-0.189796905 
-0.169765896 
-0.136701946 
-0.013468918 
0.102835782 
0.075945851 
0.016769745 
-0.006341061 
0.113658447 
0.192166019 
-0.02306046 
0.27300547 
0.257578296 
0.160672638 
0.135368281 
0.029925933 
-0.007117716 
-0.070022037 
-0.241981944 
-0.201198611 
-0.225679091 
0.056131095 
0.023205827 
0.061531833 
0.04644148 
-0.002314 
-0.027902167 
0.086260836 
0.112415556 
0.203230571 
0.264723521 
0.238886217 
0.182569347 
0.204621947 
 180 
1984.0 
1984.0 
1983.9 
1983.8 
1983.7 
1983.6 
1983.5 
1983.5 
1983.4 
1983.3 
1983.2 
1983.1 
1983.0 
1983.0 
1982.9 
1982.8 
1982.7 
1982.6 
1982.5 
1982.5 
1982.4 
1982.3 
1982.2 
1982.1 
1982.0 
1982.0 
1981.9 
1981.8 
1981.7 
1981.6 
1981.5 
1981.5 
1981.4 
1981.3 
1981.2 
1981.1 
1981.0 
1981.0 
1980.9 
1980.8 
1980.7 
1980.6 
1980.5 
1980.5 
1980.4 
1980.3 
0.308797849 
0.109925933 
0.059925933 
0.020156656 
0.136985018 
0.243998013 
0.433020372 
0.681873224 
0.661873224 
0.541871102 
0.137685108 
-0.002314184 
-0.034554517 
-0.166545742 
-0.155549469 
0.048432644 
0.109428242 
0.161170698 
0.153659676 
0.285650871 
0.34714419 
0.25813865 
-0.091629187 
-0.039581044 
-0.030443673 
0.166376884 
-0.057526086 
-0.111475208 
-0.080743876 
-0.050012543 
-0.019281211 
0.02148093 
0.272943594 
0.074406105 
0.007308126 
-0.157171862 
-0.142587432 
0.025937615 
0.138432521 
0.09815577 
-0.053423201 
0.049741391 
-0.102175763 
-0.05992018 
0.073751917 
0.248138896 
 181 
1980.2 
1980.1 
1980.0 
1980.0 
1979.9 
1979.8 
1979.7 
1979.6 
1979.5 
1979.5 
1979.4 
1979.3 
1979.2 
1979.1 
1979.0 
1979.0 
1978.9 
1978.8 
1978.7 
1978.6 
1978.5 
1978.5 
1978.4 
1978.3 
1978.2 
1978.1 
1978.0 
1978.0 
1977.9 
1977.8 
1977.7 
1977.6 
1977.5 
1977.5 
1977.4 
1977.3 
1977.2 
1977.1 
1977.0 
1977.0 
1976.9 
1976.8 
1976.7 
1976.6 
1976.5 
1976.5 
0.020671132 
0.0106719 
-0.073807627 
-0.11797066 
-0.148219398 
-0.122811876 
0.002595616 
0.118003139 
0.152663895 
0.276826898 
0.38465512 
0.405899363 
0.066442337 
-0.236794419 
-0.413618936 
-0.089089656 
-0.126225619 
-0.152428911 
-0.30771817 
-0.142922561 
-0.06377734 
0.037746328 
0.140580078 
0.115899486 
0.054317707 
0.069825676 
0.011989253 
-0.104839991 
-0.15959731 
-0.084354599 
0.090887898 
0.146130086 
0.241372245 
0.285029428 
0.298077988 
0.271126518 
0.168051328 
0.066254107 
-0.064265114 
-0.316926928 
-0.193194507 
0.321419344 
0.311401911 
0.040690102 
0.172060619 
0.081506941 
 182 
1976.4 
1976.3 
1976.2 
1976.1 
1976.0 
1976.0 
1975.9 
1975.8 
1975.7 
1975.6 
1975.5 
1975.5 
1975.4 
1975.3 
1975.2 
1975.1 
1975.0 
1975.0 
1974.9 
1974.8 
1974.7 
1974.6 
1974.5 
1974.5 
1974.4 
1974.3 
1974.2 
1974.1 
1974.0 
1974.0 
1973.9 
1973.8 
1973.7 
1973.6 
1973.5 
1973.5 
1973.4 
1973.3 
1973.2 
1973.1 
1973.0 
1973.0 
1972.9 
1972.8 
1972.7 
1972.6 
0.072043186 
-0.094139736 
-0.112805707 
-0.019034536 
0.03992319 
-0.03264517 
-0.130945962 
-0.004738659 
-0.246047713 
-0.176170577 
-0.057356829 
0.135568501 
0.198509204 
0.162165896 
0.259117734 
-0.066162315 
-0.155871433 
-0.330451142 
-0.251244044 
-0.312036977 
-0.402829878 
-0.3427993 
-0.171305919 
0.035522411 
0.030048719 
0.23291251 
-0.080628271 
-0.522961206 
-0.372105214 
-0.325009761 
0.533777476 
0.407500987 
0.422152477 
0.232045473 
0.004537217 
0.149532429 
0.204002408 
-0.249618321 
0.42085917 
0.159196362 
1.0450699 
0.534271488 
0.812897813 
0.53970311 
0.398836633 
0.173848949 
 183 
1972.5 
1972.5 
1972.4 
1972.3 
1972.2 
1972.1 
1972.0 
1972.0 
1971.9 
1971.8 
1971.7 
1971.6 
1971.5 
1971.5 
1971.4 
1971.3 
1971.2 
1971.1 
1971.0 
1971.0 
1970.9 
1970.8 
1970.7 
1970.6 
1970.5 
1970.5 
1970.4 
1970.3 
1970.2 
1970.1 
1970.0 
1970.0 
1969.9 
1969.8 
1969.7 
1969.6 
1969.5 
1969.5 
1969.4 
1969.3 
1969.2 
1969.1 
1969.0 
1969.0 
1968.9 
1968.8 
0.281387874 
0.185656982 
-0.304126041 
-0.749818168 
0.737837783 
0.565112486 
-0.064835388 
0.232229348 
0.179435754 
0.026668291 
-0.13125869 
-0.069193127 
0.171877714 
0.242571206 
0.203709668 
0.038499211 
0.027256108 
0.174972887 
-0.129531536 
0.076306157 
0.233717053 
0.227405328 
0.188302713 
0.015014562 
0.096777455 
0.38857613 
0.276006654 
0.054842919 
0.302001835 
0.050630463 
0.126786152 
0.132058988 
0.117334653 
0.015245511 
-0.09929954 
-0.085098394 
0.057851133 
0.175410548 
0.146799286 
0.128187993 
0.77942304 
1.212683073 
0.005594943 
-0.012426622 
0.089199496 
0.079433835 
 184 
1968.7 
1968.6 
1968.5 
1968.5 
1968.4 
1968.3 
1968.2 
1968.1 
1968.0 
1968.0 
1967.9 
1967.8 
1967.7 
1967.6 
1967.5 
1967.5 
1967.4 
1967.3 
1967.2 
1967.1 
1967.0 
1967.0 
1966.9 
1966.8 
1966.7 
1966.6 
1966.5 
1966.5 
1966.4 
1966.3 
1966.2 
1966.1 
1966.0 
1966.0 
1965.9 
1965.8 
1965.7 
1965.6 
1965.5 
1965.5 
1965.4 
1965.3 
1965.2 
1965.1 
1965.0 
1965.0 
-0.393500971 
-0.685150748 
-0.294219312 
0.066245605 
-0.041289668 
-0.04882494 
0.314807069 
-0.108778296 
0.947331578 
0.477138272 
0.215238274 
-0.056802206 
-0.355613622 
-0.62303664 
-0.186029382 
0.200323186 
-0.040475739 
-0.231274665 
0.305143922 
0.235507652 
0.076870783 
0.645472978 
0.180229695 
0.277286485 
0.318312837 
0.573400168 
0.144159028 
0.260320925 
0.085383941 
-0.092047013 
0.366725218 
0.459119956 
0.380144183 
-0.330936546 
0.036674539 
-0.021574031 
-0.19063528 
-0.003858574 
0.597249659 
0.190817594 
-0.131325025 
-0.303436366 
0.232534218 
1.304157009 
0.294315698 
0.654323672 
 185 
1964.9 
1964.8 
1964.7 
1964.6 
1964.5 
1964.5 
1964.4 
1964.3 
1964.2 
1964.1 
1964.0 
1964.0 
1963.9 
1963.8 
1963.7 
1963.6 
1963.5 
1963.5 
1963.4 
1963.3 
1963.2 
1963.1 
1963.0 
1963.0 
1962.9 
1962.8 
1962.7 
1962.6 
1962.5 
1962.5 
1962.4 
1962.3 
1962.2 
1962.1 
1962.0 
1962.0 
1961.9 
1961.8 
1961.7 
1961.6 
1961.5 
1961.5 
1961.4 
1961.3 
1961.2 
1961.1 
0.672845126 
0.056146777 
-0.797767294 
-0.233671078 
-0.01351883 
0.361414545 
-0.059941846 
-0.252574775 
-0.248077004 
0.414451586 
0.877467707 
-0.086065817 
0.098437268 
0.262940322 
0.259004025 
0.041244141 
-0.166515713 
-0.126114575 
-0.032429451 
-0.018744296 
0.826945531 
-0.110589735 
-0.178050083 
-0.070337236 
-0.33912035 
0.182385704 
-0.530229228 
-0.702765215 
-0.499421744 
-0.36973666 
-0.084503253 
-0.558777309 
-0.314063384 
0.019343602 
0.132285451 
-0.238551053 
-0.738709719 
-0.070693985 
-0.270074558 
-0.488354182 
-0.257113739 
-0.249539892 
-0.349196982 
-0.551314943 
-0.149388283 
-0.248281758 
 186 
1961.0 
1961.0 
1960.9 
1960.8 
1960.7 
1960.6 
1960.5 
1960.5 
1960.4 
1960.3 
1960.2 
1960.1 
1960.0 
1960.0 
1959.9 
1959.8 
1959.7 
1959.6 
1959.5 
1959.5 
1959.4 
1959.3 
1959.2 
1959.1 
1959.0 
1959.0 
1958.9 
1958.8 
1958.7 
1958.6 
1958.5 
1958.5 
1958.4 
1958.3 
1958.2 
1958.1 
1958.0 
1958.0 
1957.9 
1957.8 
1957.7 
1957.6 
1957.5 
1957.5 
1957.4 
1957.3 
-0.005674288 
0.042588553 
-0.306612713 
-0.019043102 
-0.375661347 
0.121752873 
-0.740615694 
-0.247368641 
-0.144496556 
-0.482509029 
-0.39390234 
-0.295722654 
-0.216154685 
-0.143480887 
-0.354971671 
-0.536462423 
-0.663286855 
-0.632078001 
-0.500869148 
-0.379851914 
-0.268989277 
-0.238126609 
-0.212635499 
-0.177142545 
-0.060479309 
0.076173596 
0.080257767 
0.054271744 
0.004901805 
-0.054396217 
-0.087632688 
-0.100983999 
-0.220100069 
-0.329216139 
0.121949606 
0.174794934 
0.037890341 
0.007869773 
-0.016033228 
-0.120165969 
-0.190897302 
-0.181322796 
-0.048397436 
0.084436606 
0.185167939 
0.305899271 
 187 
1957.2 
1957.1 
1957.0 
1957.0 
1956.9 
1956.8 
1956.7 
1956.6 
1956.5 
1956.5 
1956.4 
1956.3 
1956.2 
1956.1 
1956.0 
1956.0 
1955.9 
1955.8 
1955.7 
1955.6 
1955.5 
1955.5 
1955.4 
1955.3 
1955.2 
1955.1 
1955.0 
1955.0 
1954.9 
1954.8 
1954.7 
1954.6 
1954.5 
1954.5 
1954.4 
1954.3 
1954.2 
1954.1 
1954.0 
1954.0 
1953.9 
1953.8 
1953.7 
1953.6 
1953.5 
1953.5 
0.218895653 
0.05076451 
0.098350941 
0.218811343 
0.116617622 
0.133403777 
0.187670075 
0.160122211 
-0.176459012 
-0.131949098 
0.051357514 
0.034405921 
-0.193807596 
-0.204474228 
0.022726559 
-0.119976198 
0.058314829 
0.126330211 
0.11242724 
0.138493676 
0.099225009 
0.099971561 
0.146068559 
0.102165558 
-0.130064693 
-0.441194795 
-0.10325557 
-0.177674864 
-0.124018171 
-0.04359372 
0.072441709 
-0.074815338 
-0.085333012 
0.051495319 
0.146784258 
0.134405521 
0.091267148 
-0.032497835 
-0.135014242 
-0.167598305 
-0.000590283 
0.039562729 
0.134897373 
0.150535139 
0.031389918 
0.053903035 
 188 
1953.4 
1953.3 
1953.2 
1953.1 
1953.0 
1953.0 
1952.9 
1952.8 
1952.7 
1952.6 
1952.5 
1952.5 
1952.4 
1952.3 
1952.2 
1952.1 
1952.0 
1952.0 
1951.9 
1951.8 
1951.7 
1951.6 
1951.5 
1951.5 
1951.4 
1951.3 
1951.2 
1951.1 
1951.0 
1951.0 
1950.9 
1950.8 
1950.7 
1950.6 
1950.5 
1950.5 
1950.4 
1950.3 
1950.2 
1950.1 
1950.0 
1950.0 
1949.9 
1949.8 
1949.7 
1949.6 
0.106006452 
0.175152073 
0.132105202 
0.11048905 
0.048340558 
0.137900305 
0.101679982 
0.208022003 
0.123659461 
0.092805818 
0.248445837 
0.265152873 
0.199009401 
0.185899271 
0.064883991 
-0.14782519 
0.167007319 
0.150171045 
0.17163371 
0.14295866 
0.088324327 
0.14381218 
0.270640511 
0.35749922 
0.445058914 
0.572618577 
0.325990742 
0.313659461 
0.372636927 
0.289987211 
0.205352877 
0.080810353 
0.156907351 
0.212882224 
0.117516558 
0.24225706 
0.354451088 
0.386645085 
0.185727025 
0.086100687 
0.20095695 
0.246556221 
0.170520792 
0.236134117 
0.446619141 
0.425931521 
 189 
1949.5 
1949.5 
1949.4 
1949.3 
1949.2 
1949.1 
1949.0 
1949.0 
1948.9 
1948.8 
1948.7 
1948.6 
1948.5 
1948.5 
1948.4 
1948.3 
1948.2 
1948.1 
1948.0 
1948.0 
1947.9 
1947.8 
1947.7 
1947.6 
1947.5 
1947.5 
1947.4 
1947.3 
1947.2 
1947.1 
1947.0 
1947.0 
1946.9 
1946.8 
1946.7 
1946.6 
1946.5 
1946.5 
1946.4 
1946.3 
1946.2 
1946.1 
1946.0 
1946.0 
1945.9 
1945.8 
0.361541608 
0.399162871 
0.263705411 
0.09291251 
0.072740356 
-0.015515004 
0.089647343 
-0.129991971 
0.064457624 
-0.121092751 
-0.006643157 
0.158279925 
0.179529846 
0.410807772 
0.535152873 
0.505152873 
0.29024778 
0.13800465 
0.17928265 
0.245751936 
0.302580266 
0.293920559 
0.292334755 
0.331571909 
0.37840024 
0.415228602 
0.367438909 
0.236646007 
0.310485669 
0.056921944 
-0.005572379 
-0.234548887 
-0.189306729 
-0.086853044 
0.039424492 
0.068112233 
-0.113226832 
-0.111398344 
-0.059068447 
0.0414159 
0.064476789 
-0.078816086 
-0.141175348 
-0.057008723 
-0.120788401 
0.013694794 
 190 
1945.7 
1945.6 
1945.5 
1945.5 
1945.4 
1945.3 
1945.2 
1945.1 
1945.0 
1945.0 
1944.9 
1944.8 
1944.7 
1944.6 
1944.5 
1944.5 
1944.4 
1944.3 
1944.2 
1944.1 
1944.0 
1944.0 
1943.9 
1943.8 
1943.7 
1943.6 
1943.5 
1943.5 
1943.4 
1943.3 
1943.2 
1943.1 
1943.0 
1943.0 
1942.9 
1942.8 
1942.7 
1942.6 
1942.5 
1942.5 
1942.4 
1942.3 
1942.2 
1942.1 
1942.0 
1942.0 
0.133357059 
0.133539023 
0.134788391 
0.193811871 
0.192195029 
0.356644224 
0.294910435 
0.08905707 
0.227685816 
0.187792968 
0.264682807 
0.258432521 
0.105566813 
0.028859092 
0.066358192 
0.224558515 
0.301372334 
0.335152012 
0.295934936 
0.169315272 
-0.042585372 
-0.147296258 
-0.055512382 
0.067777502 
0.038432521 
0.108432521 
0.028478119 
-0.000881252 
-0.092180406 
0.144401647 
0.051479884 
0.312485407 
0.167593975 
0.207474687 
0.211923881 
-0.002467701 
-0.100074067 
-0.049220701 
0.062989176 
0.177592133 
0.143659461 
0.053659461 
-0.071537224 
0.079240259 
0.089466884 
-0.103807596 
 191 
1941.9 
1941.8 
1941.7 
1941.6 
1941.5 
1941.5 
1941.4 
1941.3 
1941.2 
1941.1 
1941.0 
1941.0 
1940.9 
1940.8 
1940.7 
1940.6 
1940.5 
1940.5 
1940.4 
1940.3 
1940.2 
1940.1 
1940.0 
1940.0 
1939.9 
1939.8 
1939.7 
1939.6 
1939.5 
1939.5 
1939.4 
1939.3 
1939.2 
1939.1 
1939.0 
1939.0 
1938.9 
1938.8 
1938.7 
1938.6 
1938.5 
1938.5 
1938.4 
1938.3 
1938.2 
1938.1 
-0.103807596 
-0.026597053 
0.184805391 
0.593991698 
0.166071442 
0.020672638 
-0.022420966 
-0.06156628 
0.601207835 
0.089789426 
0.25217837 
0.117991776 
0.184820138 
0.271556813 
0.247653842 
0.213689931 
0.229055597 
0.254496716 
0.276690744 
0.288884772 
0.153719909 
0.273415425 
0.260489081 
0.210078898 
0.238493063 
0.272395143 
0.289223505 
0.205229001 
0.245899578 
0.215899578 
0.180517387 
0.18813865 
-0.011007281 
0.019925933 
0.040401728 
0.097685816 
0.047685816 
0.204012031 
0.163157744 
0.142257398 
0.178354243 
0.244451395 
0.23285071 
0.105899148 
0.012761758 
-0.071064687 
 192 
1938.0 
1938.0 
1937.9 
1937.8 
1937.7 
1937.6 
1937.5 
1937.5 
1937.4 
1937.3 
1937.2 
1937.1 
1937.0 
1937.0 
1936.9 
1936.8 
1936.7 
1936.6 
1936.5 
1936.5 
1936.4 
1936.3 
1936.2 
1936.1 
1936.0 
1936.0 
1935.9 
1935.8 
1935.7 
1935.6 
1935.5 
1935.5 
1935.4 
1935.3 
1935.2 
1935.1 
1935.0 
1935.0 
1934.9 
1934.8 
1934.7 
1934.6 
1934.5 
1934.5 
1934.4 
1934.3 
-0.114449864 
-0.238912195 
-0.288073864 
-0.24624476 
-0.092619161 
-0.26517925 
-0.26358004 
-0.199863053 
0.095167662 
0.185898994 
0.0774994 
-0.104264799 
-0.229698315 
-0.034554302 
-0.014554302 
-0.024645896 
-0.085377228 
-0.185712974 
0.043309385 
0.262241379 
0.32906971 
0.365898072 
0.246898281 
0.220992734 
0.029196558 
-0.047296504 
0.004380097 
0.137305426 
0.209544858 
-0.013929291 
-0.055210059 
0.036342971 
0.179984936 
0.232910265 
0.05816112 
0.071702857 
0.097764474 
0.114836584 
0.079409379 
0.053982205 
0.052426902 
0.008523777 
0.054620653 
0.178415581 
0.286036937 
0.223658262 
 193 
1934.2 
1934.1 
1934.0 
1934.0 
1933.9 
1933.8 
1933.7 
1933.6 
1933.5 
1933.5 
1933.4 
1933.3 
1933.2 
1933.1 
1933.0 
1933.0 
1932.9 
1932.8 
1932.7 
1932.6 
1932.5 
1932.5 
1932.4 
1932.3 
1932.2 
1932.1 
1932.0 
1932.0 
1931.9 
1931.8 
1931.7 
1931.6 
1931.5 
1931.5 
1931.4 
1931.3 
1931.2 
1931.1 
1931.0 
1931.0 
1930.9 
1930.8 
1930.7 
1930.6 
1930.5 
1930.5 
0.136717337 
0.094324132 
0.105257868 
-0.036929695 
0.063266031 
-0.019295388 
0.005445698 
0.157761852 
0.076176018 
1.13909E-06 
0.316829501 
0.322911956 
0.202015422 
0.05849343 
0.179454256 
0.241526343 
0.328416182 
0.288446452 
0.275809196 
0.342272464 
0.281343078 
0.219878953 
0.158337886 
0.385897242 
0.217494236 
0.13012464 
0.057214108 
-0.054552202 
0.103676701 
0.215626893 
0.145809227 
0.080566255 
0.129344 
0.282970653 
0.40585223 
0.439631908 
0.295598599 
0.075071022 
-0.023519139 
0.03693911 
0.028648095 
0.242912755 
0.168065269 
0.060672638 
-0.017862608 
0.047741562 
 194 
1930.4 
1930.3 
1930.2 
1930.1 
1930.0 
1930.0 
1929.9 
1929.8 
1929.7 
1929.6 
1929.5 
1929.5 
1929.4 
1929.3 
1929.2 
1929.1 
1929.0 
1929.0 
1928.9 
1928.8 
1928.7 
1928.6 
1928.5 
1928.5 
1928.4 
1928.3 
1928.2 
1928.1 
1928.0 
1928.0 
1927.9 
1927.8 
1927.7 
1927.6 
1927.5 
1927.5 
1927.4 
1927.3 
1927.2 
1927.1 
1927.0 
1927.0 
1926.9 
1926.8 
1926.7 
1926.6 
0.070579278 
0.13589801 
0.188210902 
0.151267209 
0.017974334 
0.238965322 
0.125185644 
0.197106312 
0.255626217 
0.329832681 
0.323583225 
0.245841835 
0.083810119 
0.215149152 
0.180492247 
0.117503272 
-0.024829146 
-0.106244452 
0.022046758 
0.041389518 
0.003279915 
-0.046535814 
-0.113793313 
0.007685816 
0.179204564 
0.143657832 
0.160552419 
0.067442486 
-0.105392602 
0.09431888 
0.2158719 
-0.145773329 
-0.113503204 
0.129422157 
0.251939231 
0.018372534 
-0.013002379 
0.039922981 
0.111455009 
0.18388188 
0.113306638 
-0.007174562 
0.084912621 
0.026283845 
0.117167343 
0.149057808 
 195 
1926.5 
1926.5 
1926.4 
1926.3 
1926.2 
1926.1 
1926.0 
1926.0 
1925.9 
1925.8 
1925.7 
1925.6 
1925.5 
1925.5 
1925.4 
1925.3 
1925.2 
1925.1 
1925.0 
1925.0 
1924.9 
1924.8 
1924.7 
1924.6 
1924.5 
1924.5 
1924.4 
1924.3 
1924.2 
1924.1 
1924.0 
1924.0 
1923.9 
1923.8 
1923.7 
1923.6 
1923.5 
1923.5 
1923.4 
1923.3 
1923.2 
1923.1 
1923.0 
1923.0 
1922.9 
1922.8 
0.067912572 
0.231419344 
0.131433949 
0.092165312 
0.139775827 
0.086192404 
0.135917682 
0.173814849 
0.095096193 
0.062183551 
0.161541669 
0.164347714 
0.146235129 
0.074485367 
0.296858187 
0.345149429 
0.10441754 
-0.209308059 
-0.041009029 
-0.06872916 
-0.001900798 
0.065064663 
0.187990023 
0.250763679 
0.286860678 
0.342957676 
0.379054706 
0.335151704 
0.0680726 
-0.056933416 
0.116756013 
-0.05828783 
-0.10828783 
-0.121825007 
-0.06658248 
0.057837489 
0.193050883 
0.132257981 
0.126082426 
0.162910757 
0.015445698 
-0.06568318 
0.188981719 
0.114698993 
0.104698993 
0.146649362 
 196 
1922.7 
1922.6 
1922.5 
1922.5 
1922.4 
1922.3 
1922.2 
1922.1 
1922.0 
1922.0 
1921.9 
1921.8 
1921.7 
1921.6 
1921.5 
1921.5 
1921.4 
1921.3 
1921.2 
1921.1 
1921.0 
1921.0 
1920.9 
1920.8 
1920.7 
1920.6 
1920.5 
1920.5 
1920.4 
1920.3 
1920.2 
1920.1 
1920.0 
1920.0 
1919.9 
1919.8 
1919.7 
1919.6 
1919.5 
1919.5 
1919.4 
1919.3 
1919.2 
1919.1 
1919.0 
1919.0 
0.290306054 
0.219850111 
0.143050883 
0.14225795 
0.263777943 
0.436641734 
0.249716179 
0.100500177 
0.214145338 
0.121849546 
0.086422341 
0.080995167 
0.104927287 
0.057121038 
0.159314789 
0.265321638 
0.348370199 
0.291418729 
0.146999004 
0.226088963 
0.14414998 
0.08133175 
-0.066580975 
-0.134935552 
0.008141789 
0.231862918 
0.168658817 
0.312225821 
0.273732085 
0.337388777 
0.137320761 
0.053104704 
0.103943097 
0.337911593 
0.014912691 
-0.000135675 
0.163887387 
-0.145028253 
-0.011296016 
0.274406167 
0.102035438 
0.105143895 
0.071866854 
0.074931933 
0.149198772 
0.27776306 
 197 
1918.9 
1918.8 
1918.7 
1918.6 
1918.5 
1918.5 
1918.4 
1918.3 
1918.2 
1918.1 
1918.0 
1918.0 
1917.9 
1917.8 
1917.7 
1917.6 
1917.5 
1917.5 
1917.4 
1917.3 
1917.2 
1917.1 
1917.0 
1917.0 
1916.9 
1916.8 
1916.7 
1916.6 
1916.5 
1916.5 
1916.4 
1916.3 
1916.2 
1916.1 
1916.0 
1916.0 
1915.9 
1915.8 
1915.7 
1915.6 
1915.5 
1915.5 
1915.4 
1915.3 
1915.2 
1915.1 
0.457090165 
0.496981599 
0.195152873 
0.206035909 
0.205913707 
0.065738341 
0.243683783 
0.440374924 
0.116418878 
-0.085604416 
0.096379927 
0.063098798 
-0.013791041 
0.085598877 
0.240338489 
0.221618764 
0.070661105 
0.028526849 
-0.026692401 
0.198426341 
0.021974678 
-0.223071381 
-0.06838981 
-0.334596299 
-0.094841287 
-0.121274653 
-0.131274653 
-0.049508703 
0.10511864 
0.413180436 
0.444406167 
0.445151858 
0.107536448 
-0.047249316 
0.093185668 
-0.149780587 
0.008448316 
0.152958883 
0.083569725 
0.133752898 
0.026863059 
0.015398504 
0.163137097 
0.495145678 
0.291807728 
-0.146673154 
 198 
1915.0 
1915.0 
1914.9 
1914.8 
1914.7 
1914.6 
1914.5 
1914.5 
1914.4 
1914.3 
1914.2 
1914.1 
1914.0 
1914.0 
1913.9 
1913.8 
1913.7 
1913.6 
1913.5 
1913.5 
1913.4 
1913.3 
1913.2 
1913.1 
1913.0 
1913.0 
1912.9 
1912.8 
1912.7 
1912.6 
1912.5 
1912.5 
1912.4 
1912.3 
1912.2 
1912.1 
1912.0 
1912.0 
1911.9 
1911.8 
1911.7 
1911.6 
1911.5 
1911.5 
1911.4 
1911.3 
-0.125666647 
-0.217433779 
-0.022315067 
0.011405874 
-0.023807596 
-0.027528638 
-0.014706404 
-0.039922857 
-0.025396565 
0.082162791 
0.281144685 
0.222438835 
0.235634693 
0.034166262 
0.286174813 
0.422485785 
0.327213701 
0.264711448 
0.279103206 
0.279925933 
0.21691822 
0.325147092 
0.312495123 
-0.057359288 
0.074790372 
0.215232255 
0.071452546 
0.030232198 
0.025445698 
0.044593101 
0.02493831 
0.217742483 
0.412912755 
0.252912755 
-0.126017889 
-0.075240406 
0.023801057 
-0.23244793 
-0.131778044 
-0.041108158 
0.057305255 
0.091023209 
0.084741164 
0.15457484 
0.17762337 
0.1706719 
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1911.2 
1911.1 
1911.0 
1911.0 
1910.9 
1910.8 
1910.7 
1910.6 
1910.5 
1910.5 
1910.4 
1910.3 
1910.2 
1910.1 
1910.0 
1910.0 
1909.9 
1909.8 
1909.7 
1909.6 
1909.5 
1909.5 
1909.4 
1909.3 
1909.2 
1909.1 
1909.0 
1909.0 
1908.9 
1908.8 
1908.7 
1908.6 
1908.5 
1908.5 
1908.4 
1908.3 
1908.2 
1908.1 
1908.0 
1908.0 
1907.9 
1907.8 
1907.7 
1907.6 
1907.5 
1907.5 
0.059364198 
0.181187142 
0.032002102 
-0.17522137 
-0.070772176 
0.059958098 
0.123922447 
0.092458876 
-0.026957562 
-0.165159239 
-0.217269466 
-0.049040593 
-0.185490965 
-0.371496423 
-0.305008182 
-0.366028977 
-0.11563488 
-0.049781242 
0.060218758 
0.038432124 
0.141486673 
0.152756196 
0.32775764 
0.309177966 
0.195445698 
0.071500264 
0.164612378 
0.098527255 
-0.013182119 
-0.094749823 
-0.128043826 
-0.059079887 
-0.082128294 
-0.083594309 
0.028643933 
0.126934529 
0.067692056 
-0.00781351 
-0.111822498 
-0.304474902 
0.018203165 
0.168905004 
0.215505318 
0.213858758 
0.108193634 
0.015652962 
 200 
1907.4 
1907.3 
1907.2 
1907.1 
1907.0 
1907.0 
1906.9 
1906.8 
1906.7 
1906.6 
1906.5 
1906.5 
1906.4 
1906.3 
1906.2 
1906.1 
1906.0 
1906.0 
1905.9 
1905.8 
1905.7 
1905.6 
1905.5 
1905.5 
1905.4 
1905.3 
1905.2 
1905.1 
1905.0 
1905.0 
1904.9 
1904.8 
1904.7 
1904.6 
1904.5 
1904.5 
1904.4 
1904.3 
1904.2 
1904.1 
1904.0 
1904.0 
1903.9 
1903.8 
1903.7 
1903.6 
0.156069958 
0.089180119 
0.110110657 
0.026485227 
-0.19799759 
-0.33321004 
-0.266381709 
-0.163091477 
-0.133103939 
0.118357007 
0.062199837 
0.017834261 
0.058412999 
0.061419344 
-0.05205982 
-0.165792672 
-0.279032076 
-0.187794936 
-0.08117325 
-0.127538665 
-0.245413141 
-0.076295375 
-0.035305958 
0.097682095 
0.179674827 
0.169925933 
-0.033802277 
-0.104554302 
-0.191416638 
-0.259775892 
-0.251532461 
0.074690076 
0.168427171 
0.088185413 
0.043803199 
0.090421933 
0.132160669 
0.245894198 
-0.047680712 
-0.182164451 
-0.188292104 
0.045191611 
0.080495939 
0.11380489 
0.171244827 
0.01545357 
 201 
1903.5 
1903.5 
1903.4 
1903.3 
1903.2 
1903.1 
1903.0 
1903.0 
1902.9 
1902.8 
1902.7 
1902.6 
1902.5 
1902.5 
1902.4 
1902.3 
1902.2 
1902.1 
1902.0 
1902.0 
1901.9 
1901.8 
1901.7 
1901.6 
1901.5 
1901.5 
1901.4 
1901.3 
1901.2 
1901.1 
1901.0 
1901.0 
1900.9 
1900.8 
1900.7 
1900.6 
1900.5 
1900.5 
1900.4 
1900.3 
1900.2 
1900.1 
1900.0 
1900.0 
1899.9 
1899.8 
0.080069794 
-0.057038329 
0.102474804 
0.059181594 
0.086129313 
-0.021417192 
0.063868688 
-0.055296149 
0.213739709 
0.108432521 
0.141491228 
0.036943691 
0.139925933 
0.261413502 
0.302088939 
0.327388839 
-0.048992411 
-0.06479935 
0.106112649 
0.282907313 
0.340602076 
0.380676051 
0.197938581 
0.076935697 
0.158432521 
0.358926 
0.371664023 
0.444402047 
0.162315414 
0.110076343 
0.133127824 
0.052465148 
0.20074729 
-0.04843 
-0.111495656 
0.077682679 
0.169115122 
0.063057662 
0.186784641 
0.224403338 
-0.398957025 
-0.352768064 
-0.307404397 
-0.198538351 
-0.287220779 
-0.082919335 
 202 
1899.7 
1899.6 
1899.5 
1899.5 
1899.4 
1899.3 
1899.2 
1899.1 
1899.0 
1899.0 
1898.9 
1898.8 
1898.7 
1898.6 
1898.5 
1898.5 
1898.4 
1898.3 
1898.2 
1898.1 
1898.0 
1898.0 
1897.9 
1897.8 
1897.7 
1897.6 
1897.5 
1897.5 
1897.4 
1897.3 
1897.2 
1897.1 
1897.0 
1897.0 
1896.9 
1896.8 
1896.7 
1896.6 
1896.5 
1896.5 
1896.4 
1896.3 
1896.2 
1896.1 
1896.0 
1896.0 
-0.028611435 
-0.033303294 
-0.106125808 
-0.222435572 
0.084804485 
0.235139836 
0.044311129 
-0.033560026 
-0.119920921 
-0.208780233 
-0.09729706 
0.076932346 
-0.080178053 
-0.125544488 
-0.086053124 
0.037431482 
0.068432521 
0.252159255 
0.201998974 
0.064698993 
0.069327977 
0.054196659 
0.139002435 
0.086194556 
-0.074225839 
-0.16828783 
0.029240073 
0.088432521 
0.078432521 
0.252905069 
0.029994466 
0.047691411 
-0.126041318 
-0.269775922 
0.063193406 
0.023057693 
-0.061567479 
0.10215784 
0.163664965 
0.041419344 
-0.008580656 
0.023654972 
-0.017831798 
-0.172306252 
-0.050077665 
0.070671562 
 203 
1895.9 
1895.8 
1895.7 
1895.6 
1895.5 
1895.5 
1895.4 
1895.3 
1895.2 
1895.1 
1895.0 
1895.0 
1894.9 
1894.8 
1894.7 
1894.6 
1894.5 
1894.5 
1894.4 
1894.3 
1894.2 
1894.1 
0.118436488 
0.045450495 
0.188428186 
0.086941754 
0.139921105 
-0.041565296 
-0.040076742 
-0.019328561 
-0.068504805 
-0.205292367 
-0.312092044 
-0.311272193 
-0.056800783 
0.00320924 
-0.042173952 
0.046186347 
-0.082984732 
-0.079185776 
-0.034628461 
-0.031568401 
-0.034626616 
-0.012314184 
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Appendix V: Fiji AB and Tonga TH1 Sr/Ca Time Series 
 
 
Year (C.E.) Fiji AB Sr/Ca 
(mmol/mol) 
Tonga TH1-H4 
Sr/Ca (mmol/mol) 
Tonga TH1-H5 
Sr/Ca (mmol/mol) 
2004.708334 
2004.541668 
2004.375001 
2004.208334 
2004.041668 
2003.875001 
2003.708334 
2003.541668 
2003.375001 
2003.208334 
2003.041668 
2002.875001 
2002.708334 
2002.541668 
2002.375001 
2002.208334 
2002.041668 
2001.875001 
2001.708334 
2001.541667 
2001.375001 
2001.208334 
2001.041667 
2000.875001 
2000.708334 
2000.541667 
2000.375001 
2000.208334 
2000.041667 
1999.875001 
1999.708334 
1999.541667 
1999.375001 
1999.208334 
1999.041667 
1998.875001 
1998.708334 
1998.541667 
1998.375001 
1998.208334 
1998.041667 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
8.82167501 
8.87976758 
8.83512333 
8.79047745 
8.74583156 
8.80940228 
8.78909804 
8.92532746 
8.83751244 
8.79613825 
8.71822391 
8.82736182 
8.85475989 
8.91385838 
8.83660218 
8.73032984 
8.59504174 
8.71314919 
8.93806391 
8.92342601 
8.87821995 
8.82792188 
8.772532 
8.81359148 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
9.10056185 
9.15016475 
9.01535946 
8.88055416 
8.91617178 
9.02604089 
9.18631268 
9.13374451 
8.95815905 
8.91389489 
9.08246846 
9.0644342 
9.117983 
9.1301903 
9.04121921 
8.85153561 
8.85639215 
9.04992854 
9.16431203 
9.13115532 
9.04363538 
8.92447854 
8.92978888 
9.07393668 
9.12715521 
8.96718792 
8.86382219 
8.8558923 
8.9091345 
9.02099293 
9.19683444 
9.10383017 
8.96726421 
8.85074236 
8.86699699 
8.89869462 
9.19008295 
9.14959628 
9.02006295 
8.89705479 
8.89068985 
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1997.875001 
1997.708334 
1997.541667 
1997.375001 
1997.208334 
1997.041667 
1996.875001 
1996.708334 
1996.541667 
1996.375001 
1996.208334 
1996.041667 
1995.875001 
1995.708334 
1995.541667 
1995.375001 
1995.208334 
1995.041667 
1994.875001 
1994.708334 
1994.541667 
1994.375001 
1994.208334 
1994.041667 
1993.875001 
1993.708334 
1993.541667 
1993.375001 
1993.208334 
1993.041667 
1992.875001 
1992.708334 
1992.541667 
1992.375001 
1992.208334 
1992.041667 
1991.875001 
1991.708334 
1991.541667 
1991.375001 
1991.208334 
1991.041667 
1990.875001 
1990.708334 
1990.541667 
1990.375001 
8.8718387 
8.92088679 
8.89476395 
8.86727675 
8.75799992 
8.79303702 
8.84283193 
8.90738312 
8.87801173 
8.79712688 
8.70710212 
8.82177629 
8.89212482 
8.91814115 
8.88327707 
8.85108678 
8.82681634 
8.88317541 
8.93953603 
8.99589665 
8.94654967 
8.95766922 
8.78783005 
8.79081363 
8.9272559 
8.98335949 
8.90762375 
8.81950281 
8.7883453 
8.84350075 
8.90992145 
8.98760716 
8.87797566 
8.81761928 
8.73274577 
8.84438713 
8.87592037 
8.89822326 
8.89251183 
8.79692572 
8.79290402 
8.83684945 
8.88079579 
8.92474213 
8.8652263 
8.79732273 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
8.97761104 
9.17424894 
9.20197806 
8.97262595 
8.88849746 
9.01135064 
9.04348756 
9.06709373 
9.01364169 
8.89593961 
8.83129471 
8.91207703 
9.04743437 
9.12293801 
9.05285938 
8.92811159 
8.86194585 
9.0151127 
9.13343912 
9.17247104 
9.01852126 
8.95810873 
8.82557801 
8.86762939 
9.13115901 
9.20962854 
9.12049108 
9.01146311 
8.86963756 
8.97880407 
8.99990738 
9.10471071 
9.06451915 
8.9561242 
8.86181649 
8.90007429 
8.98652158 
9.14270146 
9.11834683 
9.02034292 
8.88148409 
8.85294477 
8.94991919 
9.10027293 
9.02452461 
8.92621876 
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1990.208334 
1990.041667 
1989.875001 
1989.708334 
1989.541667 
1989.375001 
1989.208334 
1989.041667 
1988.875001 
1988.708334 
1988.541667 
1988.375001 
1988.208334 
1988.041667 
1987.875001 
1987.708334 
1987.541667 
1987.375001 
1987.208334 
1987.041667 
1986.875001 
1986.708334 
1986.541667 
1986.375001 
1986.208334 
1986.041667 
1985.875001 
1985.708334 
1985.541667 
1985.375001 
1985.208334 
1985.041667 
1984.875 
1984.708334 
1984.541667 
1984.375 
1984.208334 
1984.041667 
1983.875 
1983.708334 
1983.541667 
1983.375 
1983.208334 
1983.041667 
1982.875 
1982.708334 
8.78989868 
8.83508517 
8.83373186 
8.93412174 
8.78927773 
8.76877213 
8.71751415 
8.78796338 
8.85841479 
8.92886621 
8.86995886 
8.87026957 
8.74346037 
8.85250562 
8.98066355 
9.01052611 
8.91540272 
8.84511816 
8.79967747 
8.89218386 
8.94655121 
8.98626262 
8.86224675 
8.78622661 
8.76373087 
8.87851243 
8.91515223 
8.9374053 
8.8772221 
8.84061329 
8.82279375 
8.84975931 
8.89508877 
8.95878264 
8.92860348 
8.84033377 
8.81007274 
8.89666652 
8.94925276 
8.96782742 
8.88285723 
8.84209412 
8.76064223 
8.85691453 
8.93134546 
8.95703522 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
8.85969215 
8.90865193 
9.04190562 
9.0644111 
9.02824884 
8.93119501 
8.92528151 
8.97096033 
9.04351143 
9.07332052 
9.03606053 
8.9438164 
8.90706801 
8.90850657 
9.03593021 
9.17593031 
9.17887882 
9.04984026 
8.94354949 
8.99166061 
9.08849314 
9.16424228 
9.15026978 
8.94719868 
8.85886444 
8.90661361 
9.03108348 
9.17680071 
9.16935773 
9.03692635 
8.92740387 
8.94492836 
9.0427891 
9.19078439 
9.08375368 
8.97077526 
8.9183725 
8.93548361 
9.05726989 
9.21499561 
9.15711499 
9.00587158 
8.98332084 
8.98564918 
8.99525346 
9.18824007 
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1982.541667 
1982.375 
1982.208334 
1982.041667 
1981.875 
1981.708334 
1981.541667 
1981.375 
1981.208334 
1981.041667 
1980.875 
1980.708334 
1980.541667 
1980.375 
1980.208334 
1980.041667 
1979.875 
1979.708334 
1979.541667 
1979.375 
1979.208334 
1979.041667 
1978.875 
1978.708334 
1978.541667 
1978.375 
1978.208334 
1978.041667 
1977.875 
1977.708334 
1977.541667 
1977.375 
1977.208334 
1977.041667 
1976.832594 
1976.665928 
1976.499262 
1976.332596 
1976.16593 
1975.999264 
1975.832598 
1975.665932 
1975.499266 
1975.3326 
1975.165934 
1974.999268 
8.84617965 
8.83796722 
8.8156667 
8.85136539 
8.91770512 
9.01468686 
8.98045188 
8.92728243 
8.81412505 
8.83193708 
8.91047846 
8.97196928 
8.93652976 
8.86686064 
8.76296074 
8.87588059 
8.92926133 
9.00328686 
8.84354505 
8.81004271 
8.78283842 
8.87690434 
8.94277616 
8.95626399 
8.94020966 
8.88902885 
8.82692545 
8.88184895 
8.94546826 
9.01778188 
8.96820128 
8.89854838 
8.83508455 
8.88214639 
8.90193269 
8.90548611 
8.8297801 
8.82380715 
8.80713697 
8.85580652 
8.85683912 
8.89339289 
8.86090545 
8.8390804 
8.82792029 
8.86659406 
8.92312631 
8.88895703 
8.85851677 
8.90941453 
9.04402105 
9.135692 
9.05381276 
8.91849293 
8.88587172 
9.03367248 
9.07540133 
9.11345418 
9.00332677 
8.92841928 
8.88882969 
9.0095157 
9.0238118 
9.13799901 
9.03179772 
8.95951078 
8.92121418 
9.0337766 
9.1403576 
9.24003275 
9.1107425 
9.01154329 
8.94222479 
8.9456926 
9.10681401 
9.23379319 
9.10852689 
8.98890339 
8.88210144 
8.91479846 
9.0169996 
9.16018423 
8.98501091 
8.93233874 
8.82124105 
8.9823598 
9.06219834 
9.0620225 
9.01827878 
8.91291229 
8.859583 
8.86067447 
9.10047333 
8.96361407 
8.88059755 
8.86538016 
9.03916958 
9.14166487 
9.09298801 
8.96149983 
8.86496267 
9.00184388 
9.1038981 
9.16533812 
9.07249529 
9.01089352 
8.84992762 
8.94361675 
9.00396569 
9.0695096 
9.06729899 
8.95737869 
8.91803791 
8.98025905 
9.0825489 
9.16815951 
9.11843617 
8.97981175 
8.92787157 
8.97788003 
9.09035568 
9.19428473 
9.20373672 
9.08157865 
8.88495089 
8.9967212  
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1974.832602 
1974.665936 
1974.49927 
1974.332604 
1974.165938 
1973.999272 
1973.832606 
1973.66594 
1973.499274 
1973.332608 
1973.165942 
1972.999276 
1972.83261 
1972.665944 
1972.499278 
1972.332612 
1972.165946 
1971.99928 
1971.832614 
1971.665948 
1971.499282 
1971.332616 
1971.16595 
1970.999284 
1970.832618 
1970.665952 
1970.499286 
1970.33262 
1970.165954 
1969.999288 
1969.832622 
1969.665956 
1969.49929 
1969.332624 
1969.165958 
1968.999292 
1968.832626 
1968.66596 
1968.499294 
1968.332628 
1968.165962 
1967.999296 
1967.83263 
1967.665964 
1967.499298 
1967.332632 
8.86446152 
8.87535203 
8.83436454 
8.80752638 
8.79483981 
8.86826199 
8.88786318 
8.93364146 
8.93194619 
8.90824085 
8.862525 
8.86503613 
8.88745832 
8.92979213 
8.92214579 
8.87824815 
8.79809748 
8.83416988 
8.8866053 
8.92880997 
8.87743543 
8.84045397 
8.83349008 
8.84793228 
8.87716913 
8.92120133 
8.87777426 
8.87039578 
8.80629234 
8.83145588 
8.89008774 
9.01886291 
8.93596978 
8.8536275 
8.77183976 
8.8177109 
8.87322627 
8.92550111 
8.88478508 
8.85764232 
8.84467713 
8.89406359 
8.90779733 
8.95048361 
8.87675786 
8.83086782 
8.95963877 
9.03169464 
8.98848696 
8.90048706 
8.78472493 
8.93833325 
9.01129255 
9.05038418 
8.99041274 
8.92953538 
8.86817464 
8.9008507 
9.13967307 
9.21651827 
9.13030701 
8.94800258 
8.82800257 
8.90844616 
8.914399 
9.06229995 
8.99469426 
8.90316435 
8.78881056 
8.83501935 
8.9959447 
9.14266757 
9.06322526 
8.90877624 
8.86053986 
8.90778384 
9.02469495 
9.20922211 
9.12747238 
8.9685593 
8.83487485 
8.91195236 
8.9084024 
9.14052836 
9.0266995 
8.95400438 
8.83495755 
8.92915777 
9.04581137 
9.15163947 
9.15081041 
8.96922405 
 209 
1967.165966 
1966.9993 
1966.832634 
1966.665968 
1966.499302 
1966.332636 
1966.16597 
1965.999304 
1965.832638 
1965.665972 
1965.499306 
1965.33264 
1965.165974 
1964.999308 
1964.832642 
1964.665976 
1964.49931 
1964.332644 
1964.165978 
1963.999312 
1963.832646 
1963.66598 
1963.499314 
1963.332648 
1963.165982 
1962.999316 
1962.83265 
1962.665984 
1962.499318 
1962.332652 
1962.165986 
1961.99932 
1961.832654 
1961.665988 
1961.499322 
1961.332656 
1961.16599 
1960.999324 
1960.832658 
1960.665992 
1960.499326 
1960.33266 
1960.165994 
1959.999328 
1959.832662 
1959.665996 
8.81281759 
8.86760638 
8.9409946 
8.98600598 
8.93417796 
8.86843926 
8.78879062 
8.83282725 
8.90802776 
9.00128913 
8.93605053 
8.85374523 
8.81457382 
8.90783867 
8.81430866 
8.95155217 
8.79982099 
8.712755 
8.69036406 
8.80808017 
8.93914449 
8.95354125 
8.85923394 
8.81042753 
8.80712728 
8.81798972 
8.81966273 
8.86825444 
8.86448437 
8.81128821 
8.77880287 
8.85466131 
8.87998084 
8.89266383 
8.82915653 
8.80121374 
8.79107742 
8.85233869 
8.90087843 
8.93669416 
8.88549217 
8.81702894 
8.73130481 
8.75729737 
8.82124463 
8.87943922 
8.84421008 
8.88541779 
9.04889229 
9.12411051 
9.10950302 
9.03188128 
8.89425656 
8.92431029 
9.150198 
9.16177955 
9.04919877 
9.04099762 
8.90240514 
8.93114764 
9.0330191 
9.1513522 
9.03385071 
8.94328066 
8.87973678 
8.945569 
9.04267106 
9.16968886 
9.06200643 
8.98775142 
8.88373958 
8.9220146 
8.954747 
9.18006296 
9.04621986 
8.94975408 
8.85871172 
9.00826386 
9.07967553 
9.14215904 
9.07417841 
8.9413485 
8.8540421 
8.93979964 
9.06192794 
9.09207846 
9.05049992 
8.95127625 
8.91619626 
8.96031181 
8.99933898 
9.17448452 
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1959.49933 
1959.332664 
1959.165998 
1958.999332 
1958.832666 
1958.666 
1958.499334 
1958.332668 
1958.166002 
1957.999336 
1957.83267 
1957.666004 
1957.499338 
1957.332672 
1957.166006 
1956.99934 
1956.832674 
1956.666008 
1956.499342 
1956.332676 
1956.16601 
1955.999344 
1955.832678 
1955.666012 
1955.499346 
1955.33268 
1955.166014 
1954.999348 
1954.832682 
1954.666016 
1954.49935 
1954.332684 
1954.166018 
1953.999352 
1953.832686 
1953.66602 
1953.499354 
1953.332688 
1953.166022 
1952.999356 
1952.83269 
1952.666024 
1952.499358 
1952.332692 
1952.166026 
1951.99936 
8.86906503 
8.82906435 
8.76899641 
8.83837822 
8.93008793 
9.00954961 
8.95118061 
8.89280747 
8.83443432 
8.84127997 
8.88043572 
8.9519027 
8.93996642 
8.92983206 
8.83416526 
8.84889323 
8.91914121 
8.93035509 
8.84764439 
8.90929542 
8.84903181 
8.9199753 
8.86781868 
8.91741136 
8.87860919 
8.85076004 
8.83221699 
8.92305716 
8.96859302 
8.96881934 
8.94719633 
8.92557293 
8.90394953 
8.94065641 
8.96459819 
8.97577291 
8.90480794 
8.81139075 
8.80315076 
8.85187186 
8.90059399 
8.94931612 
8.89288153 
8.85812609 
8.84505326 
8.91236943 
9.02550516 
9.02847085 
8.90404844 
8.94118915 
8.94706051 
9.14149409 
9.04822376 
8.88805883 
8.86664561 
8.99578854 
9.06314894 
9.13746898 
9.02479415 
8.96990637 
8.82298817 
8.96112884 
9.06555134 
9.08366747 
8.97737569 
8.93621557 
8.91475507 
8.95008935 
9.01721925 
9.11485275 
9.02790854 
8.94480775 
8.90150498 
8.92360867 
9.00317266 
9.06637139 
8.98969518 
8.8939904 
8.8818351 
9.00266258 
9.10478393 
9.18787438 
9.10443924 
8.87201822 
8.79591757 
8.97815877 
9.13651233 
9.16450737 
9.08011136 
9.08922704 
8.85051471 
8.94350431 
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1951.832694 
1951.666028 
1951.499362 
1951.332696 
1951.16603 
1950.999364 
1950.832698 
1950.666032 
1950.499366 
1950.3327 
1950.166034 
1949.999368 
1949.832702 
1949.666036 
1949.49937 
1949.332704 
1949.166038 
1948.999372 
1948.832706 
1948.66604 
1948.499374 
1948.332708 
1948.166042 
1947.999376 
1947.83271 
1947.666044 
1947.499378 
1947.332712 
1947.166046 
1946.99938 
1946.832714 
1946.666048 
1946.499382 
1946.332716 
1946.16605 
1945.999384 
1945.832718 
1945.666052 
1945.499386 
1945.33272 
1945.166054 
1944.999388 
1944.832722 
1944.666056 
1944.49939 
1944.332724 
8.96340375 
8.99815359 
8.99341384 
8.98867338 
8.83630594 
8.89421003 
8.94206975 
8.9497323 
8.92572475 
8.91211614 
8.90265685 
8.93678626 
8.97091645 
9.00504664 
8.91660303 
8.89070833 
8.86481488 
8.88448499 
8.9039857 
8.92280542 
8.9133313 
8.89752777 
8.87539488 
8.89010661 
8.90204964 
8.96174213 
8.87479517 
8.78784536 
8.70089555 
8.79349676 
8.87113712 
8.93381231 
8.88161387 
8.81641706 
8.73822301 
8.78322749 
8.85001421 
8.93858253 
8.89631946 
8.85463523 
8.81353222 
8.81278363 
8.84523585 
9.01269544 
8.89552744 
8.81712399 
9.1053284 
9.16372906 
9.01581465 
8.93293699 
8.82599679 
8.88374156 
8.98206266 
9.13761626 
9.0498417 
8.93455093 
8.90426988 
9.0206465 
9.13318125 
9.21614806 
9.03657606 
8.92154558 
8.90831721 
9.036959 
9.12245844 
9.19007222 
9.03649321 
9.00464742 
8.93411983 
8.94718733 
8.97120881 
9.17732582 
9.02487333 
8.93526824 
8.82756248 
8.93137752 
9.08065574 
9.31158587 
9.17079566 
9.07313883 
8.8319223 
8.94958919 
9.18049524 
9.20966882 
9.04364285 
8.89963685 
8.80302245 
9.02301868 
9.15083779 
9.38163118 
9.07646988 
9.06368158 
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1944.166058 
1943.999392 
1943.832726 
1943.66606 
1943.499394 
1943.332728 
1943.166062 
1942.999396 
1942.83273 
1942.666064 
1942.499398 
1942.332732 
1942.166066 
1941.9994 
1941.832734 
1941.666068 
1941.499402 
1941.332736 
1941.16607 
1940.999404 
1940.832738 
1940.666072 
1940.499406 
1940.33274 
1940.166074 
1939.999408 
1939.832742 
1939.666076 
1939.49941 
1939.332744 
1939.166078 
1938.999412 
1938.832746 
1938.66608 
1938.499414 
1938.332748 
1938.166082 
1937.999416 
1937.83275 
1937.666084 
1937.499418 
1937.332752 
1937.166086 
1936.99942 
1936.832754 
1936.666088 
8.77749301 
8.82695227 
8.87641314 
8.925874 
8.86285861 
8.85628403 
8.75396756 
8.84067055 
8.92737694 
9.01408334 
8.92530157 
8.88852547 
8.76199619 
8.88668458 
8.95588754 
8.96959654 
8.87314418 
8.81500896 
8.79519562 
8.81000308 
8.85754482 
8.93782257 
8.90044499 
8.87300571 
8.85550757 
8.86383269 
8.88244592 
8.91134751 
8.85771126 
8.85744582 
8.7951862 
8.83820178 
8.88121961 
8.92423744 
8.88832291 
8.85847063 
8.83468245 
8.84916516 
8.90463573 
9.00109641 
8.9315458 
8.86077605 
8.78879008 
8.85458682 
8.93069078 
8.97694104 
8.96084482 
9.06782508 
9.18036066 
9.182579 
9.09111107 
9.0291457 
8.94466662 
8.95129796 
9.17911493 
9.24213616 
9.0777889 
9.01714546 
8.93340805 
9.02371134 
9.13897368 
9.26323052 
9.1694869 
9.05259889 
8.91107925 
8.99638501 
9.07227087 
9.26401137 
9.0842625 
8.95413088 
8.92034644 
9.09018057 
9.08624009 
9.14637721 
9.07904459 
9.01860229 
8.92749346 
8.96662099 
9.06922496 
9.09115818 
9.0656634 
9.03988718 
8.86740558 
8.93925201 
8.94058373 
9.13181519 
9.05175735 
9.06341603 
8.85051766 
9.0507569 
9.0765082 
9.13414279 
 213 
1936.499422 
1936.332756 
1936.16609 
1935.999424 
1935.832758 
1935.666092 
1935.499426 
1935.33276 
1935.166094 
1934.999428 
1934.832762 
1934.666096 
1934.49943 
1934.332764 
1934.166098 
1933.999432 
1933.832766 
1933.6661 
1933.499434 
1933.332768 
1933.166102 
1932.999436 
1932.83277 
1932.666104 
1932.499438 
1932.332772 
1932.166106 
1931.99944 
1931.832774 
1931.666108 
1931.499442 
1931.332776 
1931.16611 
1930.999444 
1930.832778 
1930.666112 
1930.499446 
1930.33278 
1930.166114 
1929.999448 
1929.832782 
1929.666116 
1929.49945 
1929.332784 
1929.166118 
1928.999452 
8.9070989 
8.85850324 
8.83115776 
8.86520643 
8.94507527 
9.0213891 
8.95595398 
8.90194309 
8.85936019 
8.92034552 
8.98133273 
9.04231993 
9.01156764 
8.92726265 
8.83309022 
8.92388385 
8.90352702 
9.11723101 
8.99963069 
8.94339351 
8.82267712 
8.8526859 
8.89763958 
8.94329341 
8.91299969 
8.88986007 
8.8603609 
8.90162747 
8.92820043 
8.95109927 
8.93911617 
8.92713244 
8.91514872 
8.96405678 
8.99458113 
9.0267269 
8.97134048 
8.93547835 
8.91914303 
8.94040418 
8.961666 
8.98292782 
8.91969742 
8.85981858 
8.80329306 
8.8914068 
8.99457699 
8.95526994 
8.89205511 
8.91540302 
9.06362468 
9.09974513 
9.04562099 
8.98208598 
8.94407504 
8.95662519 
9.03749106 
9.19800765 
9.16038384 
8.9711033 
8.874758 
8.98737215 
9.09117647 
9.18551245 
9.05199228 
8.91619164 
8.9123836 
8.93754978 
9.01731924 
9.2119127 
9.20676162 
9.20412475 
9.20148788 
9.19885101 
9.19621414 
9.19357727 
9.19094041 
9.18830354 
9.18625189 
9.35753605 
9.17389774 
9.20242587 
8.99300795 
8.97600455 
8.81196023 
9.05613 
9.08601346 
9.18604502 
9.06748627 
8.93633747 
8.8406547 
8.95084436 
 214 
1928.832786 
1928.66612 
1928.499454 
1928.332788 
1928.166122 
1927.999456 
1927.83279 
1927.666124 
1927.499458 
1927.332792 
1927.166126 
1926.99946 
1926.832794 
1926.666128 
1926.499462 
1926.332796 
1926.16613 
1925.999464 
1925.832798 
1925.666132 
1925.499466 
1925.3328 
1925.166134 
1924.999468 
1924.832802 
1924.666136 
1924.49947 
1924.332804 
1924.166138 
1923.999472 
1923.832806 
1923.66614 
1923.499474 
1923.332808 
1923.166142 
1922.999476 
1922.83281 
1922.666144 
1922.499478 
1922.332812 
1922.166146 
1921.99948 
1921.832814 
1921.666148 
1921.499482 
1921.332816 
8.94515113 
8.96452096 
8.90714459 
8.84976683 
8.80103641 
8.86265112 
8.9122014 
8.9157788 
8.87710161 
8.84858874 
8.83024168 
8.83935929 
8.87774767 
8.94540844 
8.90755456 
8.86969878 
8.83184299 
8.89343865 
8.90335867 
8.97671651 
8.9193348 
8.86195074 
8.80456668 
8.86155345 
8.95365332 
8.98302411 
8.9273154 
8.8716056 
8.81589579 
8.89953556 
8.96930513 
8.99695987 
8.89976297 
8.83822134 
8.8123398 
8.87462628 
8.92442891 
8.96174519 
8.92471491 
8.87271355 
8.80574137 
8.85546575 
8.93268617 
9.01277015 
8.93134441 
8.85501183 
9.09684329 
9.17163428 
8.87054387 
8.95124064 
8.92322286 
8.89461977 
8.94869837 
8.98634959 
9.10837768 
9.05612558 
8.9771188 
8.92297517 
8.99730176 
9.19346154 
9.15698902 
9.04337789 
8.99850498 
9.04717282 
9.16760135 
9.19786879 
9.09652876 
8.92342712 
8.90635879 
9.0888916 
9.18350035 
9.24922842 
9.13255304 
9.0125997 
8.92459035 
9.188207 
9.20492467 
9.30109161 
9.24859219 
9.09503897 
8.91017765 
9.0122562 
9.11124799 
9.2065884 
9.11025728 
8.9961798 
8.87203625 
9.13359641 
9.23070321 
9.23578898 
9.08302135 
9.02508086 
 215 
1921.16615 
1920.999484 
1920.832818 
1920.666152 
1920.499486 
1920.33282 
1920.166154 
1919.999488 
1919.832822 
1919.666156 
1919.49949 
1919.332824 
1919.166158 
1918.999492 
1918.832826 
1918.66616 
1918.499494 
1918.332828 
1918.166162 
1917.999496 
1917.83283 
1917.666164 
1917.499498 
1917.332832 
1917.166166 
1916.9995 
1916.832834 
1916.666168 
1916.499502 
1916.332836 
1916.16617 
1915.999504 
1915.832838 
1915.666172 
1915.499506 
1915.33284 
1915.166174 
1914.999508 
1914.832842 
1914.666176 
1914.49951 
1914.332844 
1914.166178 
1913.999512 
1913.832846 
1913.66618 
8.78377697 
8.89815083 
8.91609658 
8.97712826 
8.88004377 
8.78295644 
8.6858691 
8.95588624 
8.93363192 
8.94487624 
8.87265702 
8.9289849 
8.84344402 
8.86436984 
8.89327458 
8.93015688 
8.90759583 
8.88624862 
8.86100535 
8.90351189 
8.91379965 
8.98231606 
8.89539178 
8.86994801 
8.83678582 
8.88467877 
8.93257294 
8.98046711 
8.87459375 
8.94638374 
8.83394303 
8.90052924 
8.90957568 
9.03642319 
8.93548282 
8.90499797 
8.89129926 
8.89527662 
8.94028435 
9.02632509 
8.99624302 
8.93306018 
8.83677626 
8.83803699 
8.87894648 
8.95950583 
8.91672711 
9.10418413 
9.1863756 
9.22124061 
9.17842548 
8.9920489 
8.93890971 
9.01368094 
9.17676855 
9.23672468 
9.15625396 
8.99145245 
8.90902656 
9.15645105 
9.14964963 
9.21468418 
9.09506261 
9.00593113 
8.91883513 
8.92109359 
8.99998583 
9.15408931 
9.14385027 
9.05922323 
8.88128616 
9.01574999 
9.04059876 
9.21098886 
9.12966624 
9.09591454 
8.97903095 
9.0127852 
9.09385749 
9.28033516 
9.21808805 
9.12574487 
9.03820791 
9.11986501 
9.32656759 
9.34089097 
9.23367914 
9.13465148 
8.94469052 
9.00113432 
9.16028963 
9.29645091 
 216 
1913.499514 
1913.332848 
1913.166182 
1912.999516 
1912.83285 
1912.666184 
1912.499518 
1912.332852 
1912.166186 
1911.99952 
1911.832854 
1911.666188 
1911.499522 
1911.332856 
1911.16619 
1910.999524 
1910.832858 
1910.666192 
1910.499526 
1910.33286 
1910.166194 
1909.999528 
1909.832862 
1909.666196 
1909.49953 
1909.332864 
1909.166198 
1908.999532 
1908.832866 
1908.6662 
1908.499534 
1908.332868 
1908.166202 
1907.999536 
1907.83287 
1907.666204 
1907.499538 
1907.332872 
1907.166206 
1906.99954 
1906.832874 
1906.666208 
1906.499542 
1906.332876 
1906.16621 
1905.999544 
8.93359287 
8.90767799 
8.88176312 
8.90402207 
8.94181972 
8.98359447 
8.93447304 
8.90266234 
8.88816535 
8.90666927 
8.92247693 
8.93558753 
8.91671449 
8.89784086 
8.87896724 
8.88153016 
8.91155271 
8.91562519 
8.88855832 
8.85638856 
8.81911611 
8.91779446 
8.97637486 
8.99485198 
8.93710466 
8.85643472 
8.75284188 
8.91447963 
8.92153531 
8.94310422 
8.91422737 
8.88534961 
8.85647185 
8.88610813 
8.93918692 
9.07989462 
8.89545575 
8.87377127 
8.76452949 
8.83084606 
8.89716579 
8.96348553 
8.93038763 
8.92639906 
8.83110685 
8.85531431 
9.14595603 
9.12522758 
9.00683297 
9.06868373 
9.09930263 
9.2784697 
9.13783331 
9.01116148 
8.94010401 
8.97988911 
9.08115757 
9.2158517 
9.0804341 
9.03348302 
8.93907989 
9.02332656 
9.15317318 
9.25672914 
9.11574774 
9.01566692 
8.83104152 
8.98278062 
9.14355632 
9.19951222 
9.04054744 
8.93574633 
8.9087826 
9.09173836 
9.10670195 
9.23162408 
9.0186993 
8.95608834 
8.91375791 
9.10351181 
9.12049991 
9.19978943 
9.14135071 
9.0462752 
8.95279113 
9.01765221 
9.08498273 
9.19528121 
9.14698067 
9.03385393 
8.9743746 
9.10410203 
 217 
1905.832878 
1905.666212 
1905.499546 
1905.33288 
1905.166214 
1904.999548 
1904.832882 
1904.666216 
1904.49955 
1904.332884 
1904.166218 
1903.999552 
1903.832886 
1903.66622 
1903.499554 
1903.332888 
1903.166222 
1902.999556 
1902.83289 
1902.666224 
1902.499558 
1902.332892 
1902.166226 
1901.99956 
1901.832894 
1901.666228 
1901.499562 
1901.332896 
1901.16623 
1900.999564 
1900.832898 
1900.666232 
1900.499566 
1900.3329 
1900.166234 
1899.999568 
1899.832902 
1899.666236 
1899.49957 
1899.332904 
1899.166238 
1898.999572 
1898.832906 
1898.66624 
1898.499574 
1898.332908 
8.96911006 
9.03086805 
8.96681643 
8.89638935 
8.72044637 
8.89133869 
8.92138521 
8.96324979 
8.93271162 
8.89759982 
8.80620035 
8.88185857 
8.96760859 
9.06344811 
8.97490607 
8.85699383 
8.84700683 
8.88610759 
8.91451471 
9.0269015 
8.94234113 
8.83723492 
8.82115863 
8.84911041 
8.96004781 
8.96615944 
8.92557936 
8.88499845 
8.84441753 
8.89410675 
8.89611192 
8.96766995 
8.93484434 
8.90201674 
8.86918914 
8.87468608 
8.91042102 
8.97639544 
8.94170543 
8.8666959 
8.81131295 
8.83154476 
8.94924986 
8.9714934 
8.91319336 
8.87305158 
9.16475134 
9.25606768 
9.14979598 
9.02395263 
8.94683491 
9.03525772 
9.10311449 
9.24572488 
9.07625001 
8.99067604 
8.93288049 
9.01036458 
9.11030854 
9.30947081 
9.0594699 
9.07149143 
8.99596329 
9.12676187 
9.15892303 
9.22835334 
9.0575757 
8.96386478 
8.92866704 
9.06219446 
9.16667744 
9.24188242 
9.14089762 
9.0630759 
8.95695873 
8.99653339 
9.30291094 
9.31018908 
9.18684594 
9.11600577 
8.92764774 
9.19364032 
9.08201161 
9.20044827 
9.22074984 
9.16540549 
8.99661294 
8.95083624 
8.98806441 
9.10761445 
9.19850414 
9.11126411 
 218 
1898.166242 
1897.999576 
1897.83291 
1897.666244 
1897.499578 
1897.332912 
1897.166246 
1896.99958 
1896.832914 
1896.666248 
1896.499582 
1896.332916 
1896.16625 
1895.999584 
1895.832918 
1895.666252 
1895.499586 
1895.33292 
1895.166254 
1894.999588 
1894.832922 
1894.666256 
1894.49959 
1894.332924 
1894.166258 
1893.999592 
1893.832926 
1893.66626 
1893.499594 
1893.332928 
1893.166262 
1892.999596 
1892.83293 
1892.666264 
1892.499598 
1892.332932 
1892.166266 
1891.9996 
1891.832934 
1891.666268 
1891.499602 
1891.332936 
1891.16627 
1890.999604 
1890.832938 
1890.666272 
8.85107084 
8.89570496 
8.93111231 
8.97308986 
8.93612437 
8.89915746 
8.86219055 
8.89572789 
8.8997101 
8.94189274 
8.91278831 
8.88368227 
8.85457623 
8.86401564 
8.89098735 
9.02732534 
8.95955783 
8.8417189 
8.80088152 
8.87278349 
8.91361817 
8.92338128 
8.83319121 
8.85963474 
8.78221894 
8.91109318 
8.84394599 
8.93294779 
8.89793115 
8.87943767 
8.87747075 
8.89682976 
8.93326605 
8.98678047 
8.98122095 
8.86599686 
8.78165978 
8.83480527 
8.91381311 
9.01868267 
8.9237371 
8.85279878 
8.80587306 
8.87081463 
8.89105855 
8.95663637 
9.02471461 
9.13094257 
9.18849909 
9.30020225 
9.18175245 
9.08702316 
9.01610304 
9.0747448 
9.19707464 
9.27213961 
9.22216574 
9.17689488 
8.97161942 
9.07553292 
9.10291303 
9.29992355 
9.23756057 
9.088924 
8.83421856 
9.01015367 
9.12323699 
9.22885963 
9.16417965 
9.04441676 
8.99394974 
8.84701351 
9.05872918 
9.32815574 
9.14058207 
9.00394936 
8.99618383 
9.11523288 
9.23192593 
9.34590287 
9.22737912 
9.10171922 
8.96935203 
9.05217483 
9.09069341 
9.3085017 
9.25394744 
9.29558167 
9.00586856 
9.08350574 
9.19459121 
9.36653893 
 219 
1890.499606 
1890.33294 
1890.166274 
1889.999608 
1889.832942 
1889.666276 
1889.49961 
1889.332944 
1889.166278 
1888.999612 
1888.832946 
1888.66628 
1888.499614 
1888.332948 
1888.166282 
1887.999616 
1887.83295 
1887.666284 
1887.499618 
1887.332952 
1887.166286 
1886.99962 
1886.832954 
1886.666288 
1886.499622 
1886.332956 
1886.16629 
1885.999624 
1885.832958 
1885.666292 
1885.499626 
1885.33296 
1885.166294 
1884.999628 
1884.832962 
1884.666296 
1884.49963 
1884.332964 
1884.166298 
1883.999632 
1883.832966 
1883.6663 
1883.499634 
1883.332968 
1883.166302 
1882.999636 
8.89751245 
8.83838678 
8.77268842 
8.83635138 
8.84314021 
8.93989042 
8.90533868 
8.87078458 
8.83623048 
8.88867152 
8.94287355 
8.99883513 
8.9792093 
8.93169115 
8.85628003 
8.88099748 
8.89124283 
8.93449265 
8.91237027 
8.89024672 
8.86812317 
8.90471061 
8.94129912 
8.97788762 
8.89925515 
8.89910524 
8.86564858 
8.94271151 
8.98079798 
8.97990354 
8.93276562 
8.88562686 
8.83848811 
8.90626846 
8.93876994 
8.9481993 
8.89372595 
8.83925145 
8.78477695 
8.91688211 
8.91538099 
8.93469884 
8.90756858 
8.88235068 
8.85904613 
8.88197976 
9.18577629 
9.19344101 
9.00021007 
9.04817351 
9.20021191 
9.26648805 
9.11346414 
9.07666888 
9.00344466 
9.11145719 
9.26587566 
9.31441436 
9.15649254 
9.05988888 
8.99847702 
9.08006826 
9.12378891 
9.24381259 
9.1569036 
9.05715256 
8.93867681 
9.17053927 
9.24930626 
9.3074881 
9.22244103 
9.11881739 
8.99727743 
9.08353509 
9.21332747 
9.42131528 
9.41989499 
9.23836741 
8.97413514 
9.06235335 
9.11335595 
9.28808848 
9.19621294 
9.17081951 
8.92136042 
8.98649927 
9.19870202 
9.32887785 
9.17038215 
9.10703626 
8.96690883 
9.0296009 
 220 
1882.83297 
1882.666304 
1882.499638 
1882.332972 
1882.166306 
1881.99964 
1881.832974 
1881.666308 
1881.499642 
1881.332976 
1881.16631 
1880.999644 
1880.832978 
1880.666312 
1880.499646 
1880.33298 
1880.166314 
1879.999648 
1879.832982 
1879.666316 
1879.49965 
1879.332984 
1879.166318 
1878.999652 
1878.832986 
1878.66632 
1878.499654 
1878.332988 
1878.166322 
1877.999656 
1877.83299 
1877.666324 
1877.499658 
1877.332992 
1877.166326 
1876.99966 
1876.832994 
1876.666328 
1876.499662 
1876.332996 
1876.16633 
1875.999664 
1875.832998 
1875.666332 
1875.499666 
1875.333 
8.91486991 
8.95771648 
8.94918823 
8.91713144 
8.83166641 
8.88007681 
8.87637384 
8.89620185 
8.88361748 
8.85975337 
8.82460927 
8.86498481 
8.87950233 
8.94438231 
8.83929948 
8.87863225 
8.83569719 
8.9134839 
8.87134466 
8.93827266 
8.84501794 
8.84079903 
8.83819182 
8.86953058 
8.90086996 
8.93220934 
8.91604622 
8.89108876 
8.84277762 
8.88568018 
8.95099069 
9.03870894 
8.98323944 
8.91609227 
8.90144896 
8.92326473 
8.9450809 
8.96689707 
8.93797976 
8.90906153 
8.88014331 
8.91941152 
8.94076556 
8.94420293 
8.90179426 
8.85938477 
9.22752318 
9.28971625 
9.03028843 
9.00773261 
8.88093356 
9.03531594 
9.08637801 
9.26272934 
9.21221162 
9.06757874 
8.96344292 
9.02176549 
9.08067012 
9.28718154 
9.16076115 
9.16476612 
8.97913064 
9.09990662 
9.25819109 
9.32610616 
9.120361 
8.95432839 
8.94358526 
9.13252107 
9.18104452 
9.20925564 
9.01873321 
8.91163917 
8.88761556 
9.02362934 
9.15964312 
9.29500213 
9.21627141 
9.10363905 
8.9972036 
9.08962023 
9.1987575 
9.32370591 
9.18033693 
9.07564445 
8.9299554 
9.01361237 
9.13830917 
9.30307015 
9.14523286 
9.06971809 
 221 
1875.166334 
1874.999668 
1874.833002 
1874.666336 
1874.49967 
1874.333004 
1874.166338 
1873.999672 
1873.833006 
1873.66634 
1873.499674 
1873.333008 
1873.166342 
1872.999676 
1872.83301 
1872.666344 
1872.499678 
1872.333012 
1872.166346 
1871.99968 
1871.833014 
1871.666348 
1871.499682 
1871.333016 
1871.16635 
1870.999684 
1870.833018 
1870.666352 
1870.499686 
1870.33302 
1870.166354 
1869.999688 
1869.833022 
1869.666356 
1869.49969 
1869.333024 
1869.166358 
1868.999692 
1868.833026 
1868.66636 
1868.499694 
1868.333028 
1868.166362 
1867.999696 
1867.83303 
1867.666364 
8.81697528 
8.91819307 
8.97100826 
8.97541479 
8.93900832 
8.89583633 
8.84589907 
8.86902527 
8.88460561 
8.89263825 
8.86107246 
8.84506341 
8.84461293 
8.86668364 
8.88875476 
8.91082587 
8.88574784 
8.88863272 
8.88220743 
8.88986429 
8.89752141 
8.90517852 
8.79064536 
8.91557836 
8.82766179 
8.84666451 
8.88561588 
8.94451541 
8.92173635 
8.89017869 
8.84984329 
8.85314951 
8.85644983 
8.99276204 
8.93384319 
8.86040275 
8.77244318 
8.87041858 
8.93522053 
8.96745323 
8.93089928 
8.8943441 
8.85778892 
8.89339552 
8.91485379 
8.92491273 
8.9171244 
9.01791542 
9.15677312 
9.18527415 
9.14317747 
8.98324551 
8.90378351 
8.99057806 
9.06681085 
9.25191782 
9.0895462 
9.03959666 
8.9169438 
8.7496701 
8.97261887 
9.3045138 
9.17219256 
9.1900364 
8.90660222 
8.85209774 
9.01995425 
9.20895941 
9.11588153 
9.05390915 
8.82265396 
9.04491926 
9.10159686 
9.28877514 
9.11066971 
9.02547879 
8.94150527 
9.02146209 
9.10280291 
9.28738263 
9.15067788 
9.18527038 
8.91558433 
8.94948614 
9.08322516 
9.2635449 
9.20928356 
9.04871182 
8.86520198 
9.04664601 
9.12441723 
9.27090635 
 222 
1867.499698 
1867.333032 
1867.166366 
1866.9997 
1866.833034 
1866.666368 
1866.499702 
1866.333036 
1866.16637 
1865.999704 
1865.833038 
1865.666372 
1865.499706 
1865.33304 
1865.166374 
1864.999708 
1864.833042 
1864.666376 
1864.49971 
1864.333044 
1864.166378 
1863.999712 
1863.833046 
1863.66638 
1863.499714 
1863.333048 
1863.166382 
1862.999716 
1862.83305 
1862.666384 
1862.499718 
1862.333052 
1862.166386 
1861.99972 
1861.833054 
1861.666388 
1861.499722 
1861.333056 
1861.16639 
1860.999724 
1860.833058 
1860.666392 
1860.499726 
1860.33306 
1860.166394 
1859.999728 
8.84920215 
8.80377234 
8.78862684 
8.8774843 
8.91576156 
8.97196098 
8.91764739 
8.88908779 
8.81129454 
8.87905573 
8.94398527 
8.96684455 
8.92548889 
8.85929506 
8.84069082 
8.88148263 
8.92227551 
8.96306839 
8.91521186 
8.88306897 
8.81305562 
8.86491364 
8.90523966 
8.9389019 
8.83457569 
8.73024667 
8.62591766 
8.79944537 
8.89583283 
8.91506947 
8.89772609 
8.87481522 
8.84633711 
8.89707615 
8.93768323 
8.9681562 
8.94380358 
8.90618084 
8.85528801 
8.90880378 
8.84971247 
8.9954167 
8.97283643 
8.93641144 
8.7529008 
8.81979209 
9.04518371 
8.92320095 
8.89326422 
9.2182781 
9.27292644 
9.33650235 
9.01778937 
9.05172072 
9.02079604 
9.08473558 
9.16890286 
9.27270058 
9.12055821 
8.98370984 
8.97751117 
9.06104051 
9.17805772 
9.32784028 
9.23713904 
9.06573931 
8.93250291 
8.93557414 
9.1703491 
9.3119932 
9.15715229 
9.12768353 
8.98747785 
8.88384796 
9.20235637 
9.22620177 
9.20406551 
9.18192924 
9.15979298 
9.13765672 
9.11552046 
9.23500622 
9.13774263 
9.0314041 
8.86856849 
9.04385417 
9.14812955 
9.1718425 
9.03281323 
9.02506108 
8.94223881 
8.95704283 
 223 
1859.833062 
1859.666396 
1859.49973 
1859.333064 
1859.166398 
1858.999732 
1858.833066 
1858.6664 
1858.499734 
1858.333068 
1858.166402 
1857.999736 
1857.83307 
1857.666404 
1857.499738 
1857.333072 
1857.166406 
1856.99974 
1856.833074 
1856.666408 
1856.499742 
1856.333076 
1856.16641 
1855.999744 
1855.833078 
1855.666412 
1855.499746 
1855.33308 
1855.166414 
1854.999748 
1854.833082 
1854.666416 
1854.49975 
1854.333084 
1854.166418 
1853.999752 
1853.833086 
1853.66642 
1853.499754 
1853.333088 
1853.166422 
1852.999756 
1852.83309 
1852.666424 
1852.499758 
1852.333092 
8.90540803 
9.00974545 
8.90936805 
8.84169646 
8.80673673 
8.89337662 
8.93990942 
8.94633004 
8.92003533 
8.89374003 
8.86744473 
8.9756545 
8.92536372 
8.99094402 
8.93749741 
8.88690265 
8.81881431 
8.92962758 
8.98978919 
8.99929228 
8.9238006 
8.86496027 
8.82277401 
8.93091469 
8.83893216 
8.96702619 
8.94864984 
8.90024874 
8.82182348 
8.96305874 
8.9595652 
9.01872871 
8.94845729 
8.87818227 
8.80790724 
8.86901273 
8.89080257 
8.9495837 
8.94179758 
8.90387872 
8.7965407 
8.842763 
8.91207031 
9.00446152 
8.96176983 
8.90755609 
9.06233703 
9.2570624 
9.16303872 
9.04844361 
8.96283763 
9.01762738 
9.10176123 
9.27573344 
8.93732735 
8.99319537 
8.84065035 
8.98741328 
9.1341762 
9.28068035 
9.21163355 
9.08443443 
8.87957462 
9.023438 
9.11795107 
9.28181098 
9.05516497 
8.99949763 
8.99045772 
9.06279253 
9.17207428 
9.2706663 
9.12979659 
9.03899319 
8.93292978 
9.05227849 
9.20122141 
9.29622709 
9.26167213 
9.06910877 
8.86670076 
8.91560139 
9.00956921 
9.1826913 
9.15640706 
9.03354364 
8.88193397 
9.1060683 
9.1705658 
9.33490594 
9.08741899 
9.04979184 
 224 
1852.166426 
1851.99976 
1851.833094 
1851.666428 
1851.499762 
1851.333096 
1851.16643 
1850.999764 
1850.833098 
1850.666432 
1850.499766 
1850.3331 
1850.166434 
1849.999768 
1849.833102 
1849.666436 
1849.49977 
1849.333104 
1849.166438 
1848.999772 
1848.833106 
1848.66644 
1848.499774 
1848.333108 
1848.166442 
1847.999776 
1847.83311 
1847.666444 
1847.499778 
1847.333112 
1847.166446 
1846.99978 
1846.833114 
1846.666448 
1846.499782 
1846.333116 
1846.16645 
1845.999784 
1845.833118 
1845.666452 
1845.499786 
1845.33312 
1845.166454 
1844.999788 
1844.833122 
1844.666456 
8.86550948 
8.92127355 
8.98896418 
9.06858047 
8.99864297 
8.92870277 
8.85876258 
8.93839922 
8.97393664 
9.08499365 
8.95839142 
8.88800037 
8.87382882 
8.95264669 
9.00507205 
9.0311013 
8.97845453 
8.92580634 
8.87315816 
8.87622171 
8.87928627 
8.88235082  
8.91443341 
9.04236629 
9.12936708 
9.33854737 
9.20980245 
9.08105753 
8.95257338 
8.96689742 
9.09326361 
9.28900733 
9.155172 
8.92110271 
8.8783963 
9.06371559 
9.10317524 
9.29566405 
9.05196724 
9.04627954 
8.91203041 
9.01967183 
9.07526523 
9.58051604 
8.98814285 
8.88922757 
8.82984317 
9.02066963 
9.14408319 
9.2002005 
9.12013741 
9.12685104 
8.85349242 
9.10263026 
9.07160623 
9.28510267 
9.21991419 
9.07177901 
8.84170595 
8.97452435 
8.89212765 
9.23320109 
9.09925301 
9.21251104 
8.91857995 
9.04699322 
9.11288706 
9.42357937 
 225 
1844.49979 
1844.333124 
1844.166458 
1843.999792 
1843.833126 
1843.66646 
1843.499794 
1843.333128 
1843.166462 
1842.999796 
1842.83313 
1842.666464 
1842.499798 
1842.333132 
1842.166466 
1841.9998 
1841.833134 
1841.666468 
1841.499802 
1841.333136 
1841.16647 
1840.999804 
1840.833138 
1840.666472 
1840.499806 
1840.33314 
1840.166474 
1839.999808 
1839.833142 
1839.666476 
1839.49981 
1839.333144 
1839.166478 
1838.999812 
1838.833146 
1838.66648 
1838.499814 
1838.333148 
1838.166482 
1837.999816 
1837.83315 
1837.666484 
1837.499818 
1837.333152 
1837.166486 
1836.99982 
8.97913087 
9.14906037 
8.91814508 
9.02485006 
9.13155504 
9.23808078 
9.20032114 
9.04613916 
8.95251762 
8.97307332 
9.10161046 
9.35334446 
9.06544401 
9.04168449 
8.88416359 
8.96856891 
9.11221269 
9.31450331 
9.20677538 
9.11825914 
8.83415707 
9.01724267 
9.25813495 
9.26552175 
9.14248562 
9.12928971 
8.97048756 
9.03570279 
9.20604729 
9.31299985 
9.07352471 
9.03313317 
8.85685754 
9.00828641 
9.15379289 
9.22488135 
9.04516919 
9.00552802 
8.99656092 
9.01234574 
9.06772249 
9.34012017 
9.18450531 
8.99413265 
8.96817226 
9.05079003 
 226 
1836.833154 
1836.666488 
1836.499822 
1836.333156 
1836.16649 
1835.999824 
1835.833158 
1835.666492 
1835.499826 
1835.33316 
1835.166494 
1834.999828 
1834.833162 
1834.666496 
1834.49983 
1834.333164 
1834.166498 
1833.999832 
1833.833166 
1833.6665 
1833.499834 
1833.333168 
1833.166502 
1832.999836 
1832.83317 
1832.666504 
1832.499838 
1832.333172 
1832.166506 
1831.99984 
1831.833174 
1831.666508 
1831.499842 
1831.333176 
1831.16651 
1830.999844 
1830.833178 
1830.666512 
1830.499846 
1830.33318 
1830.166514 
1829.999848 
1829.833182 
1829.666516 
1829.49985 
1829.333184 
9.14486536 
9.25003401 
9.1528253 
9.03215574 
8.99760812 
9.09953092 
9.16660955 
9.1988836 
9.0645735 
9.02994019 
9.01003603 
9.09620138 
9.08726344 
9.1216299 
8.90879717 
9.13674243 
8.93602612 
9.2232873 
8.98155686 
9.2495113 
9.02540784 
9.05478157 
8.92634203 
9.01343322 
9.0785657 
9.14532123 
9.12486027 
8.98412814 
8.89153731 
9.04803077 
9.13214328 
9.15523503 
9.05135916 
8.94181797 
8.82674422 
8.82974289 
8.95306652 
9.19603653 
9.16458718 
8.89844264 
8.86516569 
8.97426521 
9.0769547 
9.1731448 
8.97786932 
8.93319005 
 227 
1829.166518 
1828.999852 
1828.833186 
1828.66652 
1828.499854 
1828.333188 
1828.166522 
1827.999856 
1827.83319 
1827.666524 
1827.499858 
1827.333192 
1827.166526 
1826.99986 
1826.833194 
1826.666528 
1826.499862 
1826.333196 
1826.16653 
1825.999864 
1825.833198 
1825.666532 
1825.499866 
1825.3332 
1825.166534 
1824.999868 
1824.833202 
1824.666536 
1824.49987 
1824.333204 
1824.166538 
1823.999872 
1823.833206 
1823.66654 
1823.499874 
1823.333208 
1823.166542 
1822.999876 
1822.83321 
1822.666544 
1822.499878 
1822.333212 
1822.166546 
1821.99988 
1821.833214 
1821.666548 
8.83016785 
8.98462017 
9.10166747 
9.1812874 
9.09251701 
9.00102743 
8.89853072 
9.04457514 
9.16765392 
9.18095216 
9.00838464 
8.91463543 
8.79775384 
8.98795188 
9.11126713 
9.1678733 
9.08880538 
9.01349835 
8.91016647 
8.96054145 
9.0840922 
9.20444703 
9.14517033 
9.08403279 
9.02111973 
9.04623789 
9.1024493 
9.18948805 
9.04662911 
9.04077404 
8.8364032 
8.90905775 
9.07566276 
9.24401842 
9.04692291 
9.06138682 
8.84768653 
8.87408333 
9.00868948 
9.29956868 
9.15355792 
8.93554338 
8.91505064 
9.01432993 
9.32906603 
9.42581226 
 228 
1821.499882 
1821.333216 
1821.16655 
1820.999884 
1820.833218 
1820.666552 
1820.499886 
1820.33322 
1820.166554 
1819.999888 
1819.833222 
1819.666556 
1819.49989 
1819.333224 
1819.166558 
1818.999892 
1818.833226 
1818.66656 
1818.499894 
1818.333228 
1818.166562 
1817.999896 
1817.83323 
1817.666564 
1817.499898 
1817.333232 
1817.166566 
1816.9999 
1816.833234 
1816.666568 
1816.499902 
1816.333236 
1816.16657 
1815.999904 
1815.833238 
1815.666572 
1815.499906 
1815.33324 
1815.166574 
1814.999908 
1814.833242 
1814.666576 
1814.49991 
1814.333244 
1814.166578 
1813.999912 
9.06036095 
8.95490662 
8.92737094 
8.93345239 
9.03754203 
9.23922487 
9.22722538 
9.05010296 
8.93342482 
9.00048103 
9.00940595 
9.04195792 
9.02360112 
8.97996446 
8.91120411 
8.97924302 
9.06120366 
9.15698028 
9.14414887 
8.98728205 
8.86784893 
9.02012085 
9.09890672 
9.24398332 
9.21608441 
8.98789771 
8.92847165 
8.97235326 
9.12203906 
9.37710524 
9.3457015 
9.09264973 
8.95107317 
9.04661564 
8.98263973 
9.26937341 
9.18982358 
9.16985381 
8.94492684 
9.07997542 
9.08318579 
9.2592016 
9.22529028 
9.10646898 
8.86534227 
9.01820872 
 229 
1813.833246 
1813.66658 
1813.499914 
1813.333248 
1813.166582 
1812.999916 
1812.83325 
1812.666584 
1812.499918 
1812.333252 
1812.166586 
1811.99992 
1811.833254 
1811.666588 
1811.499922 
1811.333256 
1811.16659 
1810.999924 
1810.833258 
1810.666592 
1810.499926 
1810.33326 
1810.166594 
1809.999928 
1809.833262 
1809.666596 
1809.49993 
1809.333264 
1809.166598 
1808.999932 
1808.833266 
1808.6666 
1808.499934 
1808.333268 
1808.166602 
1807.999936 
1807.83327 
1807.666604 
1807.499938 
1807.333272 
1807.166606 
1806.99994 
1806.833274 
1806.666608 
1806.499942 
1806.333276 
9.04115433 
9.07914589 
9.07160842 
8.97929168 
8.83868176 
8.99975158 
9.10980402 
9.18170989 
9.04477575 
8.94842703 
8.89263777 
8.9700576 
9.12509449 
9.27830617 
9.16911137 
9.01155103 
8.77992558 
8.99453301 
9.1215567 
9.16060841 
8.91890746 
8.88467691 
8.8696434 
9.00711915 
9.01869964 
9.22693999 
9.14853983 
9.08689695 
8.88977588 
9.01019188 
9.16652706 
9.23202526 
9.05695687 
9.05222977 
8.92739093 
9.00073526 
9.07179679 
9.17695599 
9.02201494 
8.92058071 
8.80198637 
9.00718475 
8.85635882 
9.12359924 
8.97582562 
8.90247345 
 230 
1806.16661 
1805.999944 
1805.833278 
1805.666612 
1805.499946 
1805.33328 
1805.166614 
1804.999948 
1804.833282 
1804.666616 
1804.49995 
1804.333284 
1804.166618 
1803.999952 
1803.833286 
1803.66662 
1803.499954 
1803.333288 
1803.166622 
1802.999956 
1802.83329 
1802.666624 
1802.499958 
1802.333292 
1802.166626 
1801.99996 
1801.833294 
1801.666628 
1801.499962 
1801.333296 
1801.16663 
1800.999964 
1800.833298 
1800.666632 
1800.499966 
1800.3333 
1800.166634 
1799.999968 
1799.833302 
1799.666636 
1799.49997 
1799.333304 
1799.166638 
1798.999972 
1798.833306 
1798.66664 
8.80884464 
8.94746551 
9.05206217 
9.12263903 
9.09789954 
9.08594423 
8.93192196 
8.94408095 
8.93386308 
9.00198237 
8.97231113 
8.94263989 
8.91297971 
8.98672707 
8.97540263 
9.24988562 
9.11735492 
9.05762738 
8.98918287 
9.05026748 
9.20691602 
9.4358403 
9.18564607 
9.01304737 
8.91800487 
8.98078368 
9.12471137 
9.34962502 
9.21452567 
9.06419751 
8.93340661 
9.05613314 
9.10096256 
9.18160826 
9.07793664 
8.95498036 
8.83618697 
9.10969434 
9.14713931 
9.16378444 
8.98463644 
9.03924715 
8.9315018 
9.00756873 
9.08989792 
9.32166295 
 231 
1798.499974 
1798.333308 
1798.166642 
1797.999976 
1797.83331 
1797.666644 
1797.499978 
1797.333312 
1797.166646 
1796.99998 
1796.833314 
1796.666648 
1796.499982 
1796.333316 
1796.16665 
1795.999984 
1795.833318 
1795.666652 
1795.499986 
1795.33332 
1795.166654 
1794.999988 
1794.833322 
1794.666656 
1794.49999 
1794.333324 
1794.166658 
1793.999992 
1793.833326 
1793.66666 
1793.499994 
1793.333328 
1793.166662 
1792.999996 
1792.83333 
1792.666664 
1792.499998 
1792.333332 
1792.166666 
1792 
1791.833334 
1791.666668 
1791.500002 
1791.333336 
1791.16667  
9.15404573 
8.97485332 
8.94721579 
9.06336126 
9.12349258 
9.12763123 
9.05380789 
8.98824638 
8.93095642 
8.98542701 
9.06693541 
9.17544464 
9.07337214 
8.9984246 
8.95060022 
8.99989626 
9.11496336 
9.17049447 
9.09050551 
9.03140502 
8.98011558 
9.05483151 
9.12622584 
9.19428997 
9.10461583 
9.01075131 
8.88616503 
9.00337342 
8.98103753 
9.20213531 
9.1466482 
8.92613861 
8.9086114 
8.98749506 
9.03342573 
9.25866988 
9.16870855 
9.07874722 
8.98878664 
9.02305601 
9.05732538 
9.09159475 
9.12659694 
9.16159912 
9.19660131  
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Appendix VI: Fiji AB and Tonga TH1 annual reconstructed δ18Osw Time Series 
 
Year (C.E.) Fiji AB 
reconstructed 
δ18Osw 
Tonga TH1 
reconstructed 
δ18Osw 
2004.0000 
2003.0000 
2002.0000 
2001.0000 
2000.0000 
1999.0000 
1998.0000 
1997.0000 
1996.0000 
1995.0000 
1994.0000 
1993.0000 
1992.0000 
1991.0000 
1990.0000 
1989.0000 
1988.0000 
1987.0000 
1986.0000 
1985.0000 
1984.0000 
1983.0000 
1982.0000 
1981.0000 
1980.0000 
1979.0000 
1978.0000 
1977.0000 
1976.0000 
1975.0000 
1974.0000 
1973.0000 
1972.0000 
1971.0000 
1970.0000 
1969.0000 
1968.0000 
1967.0000 
1966.0000 
1965.0000 
1964.0000 
 
 
0.15152970 
-0.017105389 
0.30845803 
0.081548072 
0.34531164 
0.21771064 
0.33106330 
0.12399197 
0.34946525 
0.10571085 
0.42798859 
0.24917004 
0.36374670 
0.16391085 
0.27138725 
0.064728171 
0.18802324 
0.13205133 
0.23113941 
0.19276498 
0.37043202 
0.20424496 
0.19338784 
0.25043473 
0.24077371 
0.13593988 
0.29879001 
0.36144659 
0.38193277 
0.41089505 
0.16670437 
0.42891517 
0.28625494 
0.33843777 
0.33209130 
0.26294753 
0.36281276 
0.18700002 
0.29520583 
 
 
 
 
 
0.29118842 
0.33213499 
0.24096695 
0.088439852 
0.0071979980 
0.066132285 
0.10650916 
0.18620978 
0.26715806 
0.18449724 
0.13887982 
0.16697255 
0.16692089 
0.23883018 
0.12794319 
0.076424770 
0.24454308 
0.027337054 
-0.12008932 
0.032527447 
-0.13026077 
0.13967916 
0.16358064 
0.042753290 
-0.033443343 
-0.0021598060 
-0.016143296 
0.090570316 
-0.073868699 
0.18858026 
0.11876565 
0.016141353 
0.19197713 
0.18400249 
0.069758996 
0.34258530 
 233 
1963.0000 
1962.0000 
1961.0000 
1960.0000 
1959.0000 
1958.0000 
1957.0000 
1956.0000 
1955.0000 
1954.0000 
1953.0000 
1952.0000 
1951.0000 
1950.0000 
1949.0000 
1948.0000 
1947.0000 
1946.0000 
1945.0000 
1944.0000 
1943.0000 
1942.0000 
1941.0000 
1940.0000 
1939.0000 
1938.0000 
1937.0000 
1936.0000 
1935.0000 
1934.0000 
1933.0000 
1932.0000 
1931.0000 
1930.0000 
1929.0000 
1928.0000 
1927.0000 
1926.0000 
1925.0000 
1924.0000 
1923.0000 
1922.0000 
1921.0000 
1920.0000 
1919.0000 
1918.0000 
0.25419450 
0.21146998 
0.25989577 
0.21355404 
0.19075884 
0.40424797 
0.24333295 
0.11434498 
0.13509561 
0.33329040 
0.36501563 
0.16408005 
0.29599476 
0.087583512 
0.098160513 
0.052504219 
0.41444978 
-0.033698499 
0.25838414 
-0.14759102 
0.078385279 
0.16594125 
0.15715614 
0.27163467 
0.14047343 
0.28370225 
0.28461090 
0.17865930 
0.24879186 
-0.038467512 
0.079411343 
-0.079394162 
-0.51861972 
0.16388056 
0.23893662 
0.34481472 
0.13498685 
0.10459831 
-0.00055547198 
-0.055003475 
-0.15053771 
0.067882955 
-0.18992041 
0.080322266 
0.092728414 
0.13526498 
0.075890869 
0.22849357 
0.15501186 
0.14681715 
0.20279230 
0.093403153 
0.011252810 
-0.22826183 
-0.11160783 
-0.10288770 
0.035959836 
0.13248999 
-0.11440593 
-0.037050646 
-0.017284421 
-0.068177894 
0.35600039 
0.21662848 
0.21166278 
0.20019060 
0.18840651 
0.15004885 
0.35716626 
0.28942657 
0.20590851 
0.17993464 
0.18798949 
0.068456046 
-0.046808034 
-0.22053157 
-0.27295354 
0.052242503 
0.091998622 
0.096104898 
0.098114245 
0.076150738 
0.023732888 
0.27756351 
0.25113547 
0.15366831 
0.10942323 
0.015070437 
0.076726243 
0.32959658 
0.18544437 
0.042808741 
 234 
1917.0000 
1916.0000 
1915.0000 
1914.0000 
1913.0000 
1912.0000 
1911.0000 
1910.0000 
1909.0000 
1908.0000 
1907.0000 
1906.0000 
1905.0000 
1904.0000 
1903.0000 
1902.0000 
1901.0000 
1900.0000 
1899.0000 
1898.0000 
1897.0000 
1896.0000 
1895.0000 
1894.0000 
1893.0000 
1892.0000 
1891.0000 
1890.0000 
1889.0000 
1888.0000 
1887.0000 
1886.0000 
1885.0000 
1884.0000 
1883.0000 
1882.0000 
1881.0000 
1880.0000 
1879.0000 
1878.0000 
1877.0000 
1876.0000 
1875.0000 
1874.0000 
1873.0000 
1872.0000 
-0.064030096 
-0.072376736 
-0.13211107 
-0.12233682 
-0.039005566 
0.10342001 
0.065003380 
0.053297952 
0.029184612 
0.048666187 
0.14980391 
0.055800956 
0.22477871 
0.14889462 
0.052682281 
0.094210297 
0.17838071 
-0.36414680 
0.011888250 
-0.024564218 
0.027130701 
-0.026526153 
0.010620537 
0.073920324 
-0.15530103 
-0.23961312 
-0.30067989 
-0.26403281 
0.058677375 
-0.27756369 
-0.18012446 
-0.12890820 
-0.28851449 
-0.018099854 
-0.10480567 
-0.014944502 
-0.10146750 
-0.24174561 
-0.19057554 
0.34079337 
0.046026375 
-0.051455285 
0.018646922 
0.16752236 
0.32469457 
0.048651893 
-0.028436081 
-0.13344663 
0.097531267 
-0.0081054792 
0.13601716 
0.075873196 
-0.058435217 
-0.019276965 
-0.040236190 
-0.062867776 
0.039131340 
0.21628213 
0.27274454 
0.13369289 
0.13290539 
0.17769098 
0.13586718 
0.20558621 
0.081110880 
-0.056006402 
0.12275518 
0.21081637 
0.18321536 
0.12805241 
0.048150949 
0.058462095 
0.051261246 
0.13483863 
0.36834478 
0.10823917 
0.028278382 
0.19113041 
0.21888681 
0.25889671 
0.13002767 
0.10753920 
0.23304193 
0.10094670 
0.081809923 
0.26665503 
0.15181507 
0.070102721 
0.27012324 
0.11755259 
0.36124432 
0.24843535 
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1871.0000 
1870.0000 
1869.0000 
1868.0000 
1867.0000 
1866.0000 
1865.0000 
1864.0000 
1863.0000 
1862.0000 
1861.0000 
1860.0000 
1859.0000 
1858.0000 
1857.0000 
1856.0000 
1855.0000 
1854.0000 
1853.0000 
1852.0000 
1851.0000 
1850.0000 
1849.0000 
1848.0000 
1847.0000 
1846.0000 
1845.0000 
1844.0000 
1843.0000 
1842.0000 
1841.0000 
1840.0000 
1839.0000 
1838.0000 
1837.0000 
1836.0000 
1835.0000 
1834.0000 
1833.0000 
1832.0000 
1831.0000 
1830.0000 
1829.0000 
1828.0000 
1827.0000 
1826.0000 
0.053462774 
0.037894912 
0.18274987 
-0.034944508 
0.077733360 
-0.027228868 
0.0059595359 
-0.041420698 
0.050386466 
-0.39395118 
-0.023476547 
-0.0062731262 
-0.018674994 
0.19528815 
-0.093362600 
-0.14839551 
0.13981415 
0.026751582 
0.14293987 
0.018610921 
0.061715260 
0.22904034 
0.071576893 
-0.032410458 
-0.030553445 
0.015325060 
0.20179352 
0.0085386895 
0.059489906 
0.072250888 
-0.014166150 
-0.032876670 
0.22804993 
0.27168566 
-0.047089417 
0.040476218 
-0.013755080 
0.014414864 
0.23292664 
0.20763505 
0.29885027 
0.14475605 
0.074698634 
-0.12764275 
0.049175236 
-0.095268197 
0.19381578 
0.027314696 
0.16062441 
0.21224689 
0.29029429 
0.14729531 
0.23219657 
0.23161317 
0.59452480 
0.37307134 
0.089877106 
0.066496126 
0.15944348 
0.16183627 
0.12056113 
-0.025623394 
0.20276864 
0.13092063 
0.23424274 
0.13654380 
0.13790019 
0.18233404 
0.028939297 
0.44473886 
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1825.0000 
1824.0000 
1823.0000 
1822.0000 
1821.0000 
1820.0000 
1819.0000 
1818.0000 
1817.0000 
1816.0000 
1815.0000 
1814.0000 
1813.0000 
1812.0000 
1811.0000 
1810.0000 
1809.0000 
1808.0000 
1807.0000 
1806.0000 
1805.0000 
1804.0000 
1803.0000 
1802.0000 
1801.0000 
1800.0000 
1799.0000 
1798.0000 
1797.0000 
1796.0000 
1795.0000 
1794.0000 
1793.0000 
1792.0000 
 
0.065539382 
0.11329045 
0.12079582 
0.082927965 
-0.20093600 
-0.28918210 
0.11567653 
0.028275197 
0.026338430 
-0.31179127 
-0.011427109 
-0.087449387 
0.25778607 
0.085253894 
-0.054301906 
0.48803893 
0.29321623 
0.12718363 
0.34944403 
0.48404133 
0.12716040 
0.31827796 
0.078589998 
0.11298026 
-0.10623544 
0.048509903 
0.18674454 
-0.016314475 
0.29817182 
0.16745871 
0.053179312 
0.028746568 
-0.016635317 
0.15546386 
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Appendix VII: Fiji and Tonga Mg/Ca Time Series 
 
Year (C.E.) Fiji AB Mg/Ca 
(mmol/mol) 
Tonga TH1-H4 
Mg/Ca (mmol/mol) 
Tonga TH1-H5 
Mg/Ca (mmol/mol) 
2004.70825 
2004.54150 
2004.37488 
2004.20825 
2004.04150 
2003.87488 
2003.70825 
2003.54150 
2003.37488 
2003.20825 
2003.04150 
2002.87488 
2002.70825 
2002.54163 
2002.37488 
2002.20825 
2002.04163 
2001.87488 
2001.70825 
2001.54163 
2001.37488 
2001.20825 
2001.04163 
2000.87488 
2000.70825 
2000.54163 
2000.37488 
2000.20825 
2000.04163 
1999.87488 
1999.70825 
1999.54163 
1999.37488 
1999.20825 
1999.04163 
1998.87488 
1998.70825 
1998.54163 
1998.37488 
1998.20825 
1998.04163 
1997.87488 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.92836952 
5.63049126 
5.55994225 
5.48939323 
5.42065287 
5.84305429 
5.25084782 
5.19213343 
5.05168915 
5.15724993 
5.49322176 
5.08777285 
4.75150442 
4.86262989 
4.90908718 
5.01707458 
5.18576002 
5.36567020 
4.94928169 
5.01395321 
5.08619738 
5.22635746 
5.43139124 
5.20679331 
4.83974648 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.42462778 
4.84937716 
4.85652924 
4.86368179 
4.42450190 
4.11800528 
4.04814911 
4.19557714 
4.28125095 
4.11775017 
3.94145203 
4.09977055 
4.01820993 
4.17570114 
4.38386822 
4.61341286 
4.55437851 
4.13426638 
4.05024099 
4.14082718 
4.09999800 
4.23734283 
4.67290545 
4.02742624 
3.69604969 
4.11941242 
4.38647079 
4.39056015 
4.22800970 
4.03650522 
3.88913202 
3.99333477 
4.34082842 
4.52553558 
4.48940086 
4.09871626 
3.67905259 
3.92024231 
4.25104523 
4.50728035 
4.17972946 
3.99472618 
 238 
1997.70825 
1997.54163 
1997.37488 
1997.20825 
1997.04163 
1996.87488 
1996.70825 
1996.54163 
1996.37488 
1996.20825 
1996.04163 
1995.87488 
1995.70825 
1995.54163 
1995.37488 
1995.20825 
1995.04163 
1994.87488 
1994.70825 
1994.54163 
1994.37488 
1994.20825 
1994.04163 
1993.87488 
1993.70825 
1993.54163 
1993.37488 
1993.20825 
1993.04163 
1992.87488 
1992.70825 
1992.54163 
1992.37500 
1992.20825 
1992.04163 
1991.87500 
1991.70825 
1991.54163 
1991.37500 
1991.20825 
1991.04163 
1990.87500 
1990.70825 
1990.54163 
1990.37500 
1990.20825 
4.67752123 
4.64674664 
4.98000956 
5.37769890 
5.25663137 
5.04209995 
4.73669100 
4.85403109 
5.03276396 
5.36774492 
5.11091375 
4.91281891 
4.77384233 
4.93972397 
5.09482384 
5.01630640 
4.88637257 
4.75643921 
4.62726879 
4.71626186 
4.79770947 
5.39025068 
5.38500452 
4.78698111 
4.55595875 
4.83332253 
5.09522200 
5.24457884 
5.06283474 
4.92441702 
4.82949924 
4.95647001 
5.04336262 
5.64996719 
5.54216433 
4.87547684 
5.25193644 
5.08671951 
5.27283716 
5.08937263 
5.08653069 
5.08368826 
5.07988548 
5.10083008 
5.47728109 
5.56309938 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.87861347 
3.91865921 
4.42932606 
4.32818699 
4.21744537 
4.17989588 
4.07990265 
4.14373732 
4.64604092 
4.61765194 
4.23652315 
4.03067207 
4.17098618 
4.38200951 
4.56762934 
4.60193491 
4.35739088 
4.09546518 
4.04326820 
4.48928165 
4.67830706 
4.75515509 
4.52119637 
4.10479021 
4.13162136 
4.38683224 
4.59243011 
4.71462488 
4.51560354 
4.25656128 
4.26794577 
4.35677814 
4.58055210 
4.61429024 
4.40154600 
4.21747494 
4.09172583 
4.24562931 
4.47435570 
4.73537636 
4.58369541 
4.38939190 
4.11450768 
4.40037680 
4.65892601 
4.62641859 
 239 
1990.04163 
1989.87500 
1989.70825 
1989.54163 
1989.37500 
1989.20825 
1989.04163 
1988.87500 
1988.70825 
1988.54163 
1988.37500 
1988.20825 
1988.04163 
1987.87500 
1987.70825 
1987.54163 
1987.37500 
1987.20825 
1987.04163 
1986.87500 
1986.70825 
1986.54163 
1986.37500 
1986.20825 
1986.04163 
1985.87500 
1985.70825 
1985.54163 
1985.37500 
1985.20825 
1985.04163 
1984.87500 
1984.70825 
1984.54163 
1984.37500 
1984.20825 
1984.04163 
1983.87500 
1983.70825 
1983.54163 
1983.37500 
1983.20825 
1983.04163 
1982.87500 
1982.70825 
1982.49927 
5.10426140 
5.06834126 
5.02117920 
5.41021156 
5.74178171 
5.45539999 
5.36222172 
5.26904297 
5.17568398 
5.02906847 
5.05859566 
5.35247469 
5.46152353 
4.75756407 
4.75860548 
5.02771854 
5.33168983 
5.66769838 
5.26583719 
4.76833916 
4.76315498 
5.07287884 
5.81514454 
5.74781322 
5.31190634 
4.78992414 
4.91427469 
4.86467123 
5.07936907 
5.34470463 
5.08322954 
4.91278315 
4.83255434 
4.87723970 
5.16310215 
5.17541265 
4.93716526 
4.77623272 
4.69259882 
5.00641680 
5.28589773 
5.40570498 
5.15542030 
4.91972208 
4.90651131 
5.05539036 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.87693977 
3.75261831 
4.96354437 
4.31265926 
4.25119114 
4.27177763 
4.49525928 
4.86181355 
4.72153950 
4.28105831 
4.39596748 
4.37407827 
4.56106567 
4.77467442 
4.92476273 
4.63570547 
4.13821411 
3.80975819 
3.86844635 
4.64681435 
4.66759300 
4.24243402 
3.99868393 
3.88607264 
4.11499643 
4.69765043 
4.61753321 
4.30853939 
4.11722279 
3.97074580 
4.07311726 
4.52019024 
4.55477428 
4.26671600 
4.19460154 
4.03104162 
4.16090918 
4.49809074 
4.58502436 
4.41073513 
4.12701035 
3.96856737 
4.05323172 
4.47859573 
4.55827188 
4.37955999 
4.15606070 
4.09102249 
4.03585863 
 240 
1982.33252 
1982.16589 
1981.99927 
1981.83252 
1981.66589 
1981.49927 
1981.33252 
1981.16589 
1980.99927 
1980.83252 
1980.66589 
1980.49927 
1980.33252 
1980.16589 
1979.99927 
1979.83252 
1979.66589 
1979.49927 
1979.33264 
1979.16589 
1978.99927 
1978.83264 
1978.66589 
1978.49927 
1978.33264 
1978.16589 
1977.99927 
1977.83264 
1977.66589 
1977.49927 
1977.33264 
1977.16589 
1976.99927 
1976.83264 
1976.66589 
1976.49927 
1976.33264 
1976.16589 
1975.99927 
1975.83264 
1975.66589 
1975.49927 
1975.33264 
1975.16589 
1974.99927 
1974.83264 
5.15596437 
5.51365805 
5.27585173 
5.01566505 
4.73359489 
4.52090073 
4.88042927 
5.29629707 
5.30329037 
4.78941441 
4.50886631 
4.55254889 
4.79659319 
5.23618317 
4.93200159 
4.87631702 
5.07645559 
5.28290415 
5.21784115 
5.18812561 
4.87378502 
4.72462082 
4.51782131 
4.44851255 
4.67378473 
4.96934462 
4.97493362 
4.85462761 
4.61108685 
4.72915506 
4.83102655 
5.02254677 
5.04998827 
4.63077068 
4.67287636 
4.92922497 
5.01610136 
5.26674223 
4.99923038 
4.72755718 
4.82403851 
4.87563515 
4.90881300 
4.92333984 
4.81961346 
4.61506701 
5.02386332 
4.82014704 
4.82388639 
4.35262203 
4.28131247 
4.60317087 
4.64321899 
4.62561321 
4.35026836 
4.17926884 
4.14071608 
4.23403883 
4.72444487 
5.01873255 
4.42241573 
4.36110067 
4.29331446 
4.22005081 
4.34042025 
4.46829224 
4.60215998 
4.43228531 
4.31880951 
4.26213598 
4.51803970 
4.82218742 
4.69972515 
4.04435635 
4.17854214 
4.56877470 
4.78763247 
4.77129412 
4.47918081 
4.11989737 
4.37920189 
4.71163559 
4.53548145 
4.37601519 
4.23306084 
4.11362696 
4.21119738 
4.43050575 
4.67838573 
4.57258224 
4.46654558 
4.20452642 
4.55494118 
4.59836054 
4.42578650 
4.19960880 
4.06021547 
4.09384012 
4.51126814 
4.37532282 
4.15839338 
3.98409224 
3.95010328 
4.09506798 
4.50354481 
4.47961664 
4.30192089 
4.19407892 
4.02250338 
3.98371792 
4.17424011 
4.17494631 
4.00586367 
3.85123014 
3.80988836 
3.99862480 
4.34516573 
4.50571537 
4.38944340 
4.02646351 
3.71859789 
3.79505634 
4.27143049 
4.49314833 
4.16630507 
 
 241 
1974.66589 
1974.49927 
1974.33264 
1974.16589 
1973.99927 
1973.83264 
1973.66589 
1973.49927 
1973.33264 
1973.16589 
1972.99927 
1972.83264 
1972.66589 
1972.49927 
1972.33264 
1972.16589 
1971.99927 
1971.83264 
1971.66589 
1971.49927 
1971.33264 
1971.16589 
1970.99927 
1970.83264 
1970.66589 
1970.49927 
1970.33264 
1970.16589 
1969.99927 
1969.83264 
1969.66589 
1969.49927 
1969.33264 
1969.16602 
1968.99927 
1968.83264 
1968.66602 
1968.49927 
1968.33264 
1968.16602 
1967.99927 
1967.83264 
1967.66602 
1967.49927 
1967.33264 
1967.16602 
4.62533522 
4.81125927 
5.01034880 
5.22151661 
5.06433773 
4.81452179 
4.65440702 
4.69497395 
4.72568035 
4.74726915 
4.97893476 
4.92066717 
4.57729483 
4.70973682 
4.82681131 
4.92875862 
5.04961538 
4.66371393 
4.84706402 
4.96633148 
5.16420364 
5.21092319 
5.17181587 
5.01183796 
4.73331165 
4.77079868 
5.04358387 
5.48101616 
5.41436481 
4.90640736 
4.50925350 
4.79827595 
5.11278915 
5.45173311 
5.52298260 
5.11376524 
4.88023901 
4.93433952 
5.14714384 
5.50585890 
4.89750195 
4.76275492 
4.77311707 
5.01514626 
5.25908661 
5.50304651 
4.23246527 
4.58263016 
4.70772839 
4.62199545 
4.23843670 
4.16889238 
4.18757343 
4.29381275 
4.59521627 
4.60481644 
4.39740753 
3.93086910 
4.06246901 
4.41698170 
4.74153423 
4.82713938 
4.66325474 
4.44675589 
4.34666204 
4.36128473 
4.44810152 
4.74922800 
4.54557133 
4.21267843 
4.07510281 
4.20213318 
4.53475285 
4.62966156 
4.48972225 
4.06259489 
3.89084077 
4.32423639 
4.77025414 
4.74718475 
4.49129009 
4.16134310 
4.13149452 
4.39808941 
4.59156322 
4.78529263 
4.35098696 
3.90636921 
3.80961490 
4.10123253 
4.51119471 
4.65208864 
 242 
1966.99927 
1966.83264 
1966.66602 
1966.49927 
1966.33264 
1966.16602 
1965.99927 
1965.83264 
1965.66602 
1965.49927 
1965.33264 
1965.16602 
1964.99927 
1964.83264 
1964.66602 
1964.49927 
1964.33264 
1964.16602 
1963.99927 
1963.83264 
1963.66602 
1963.49927 
1963.33264 
1963.16602 
1962.99927 
1962.83264 
1962.66602 
1962.49927 
1962.33264 
1962.16602 
1961.99927 
1961.83264 
1961.66602 
1961.49927 
1961.33264 
1961.16602 
1960.99927 
1960.83264 
1960.66602 
1960.49927 
1960.33264 
1960.16602 
1959.99927 
1959.83264 
1959.66602 
1959.49927 
5.08769894 
4.88214302 
4.68552113 
4.87743044 
5.08413601 
5.30539751 
5.49790907 
4.91200781 
4.75276279 
4.71145296 
5.14741564 
5.30896759 
5.01766348 
4.71601057 
4.76612759 
4.96428776 
5.17709255 
5.40276384 
5.04274607 
4.73479462 
4.77165747 
4.87295818 
5.00453138 
5.16620922 
5.38534212 
5.17375755 
4.82301188 
4.79799986 
5.10841703 
4.98198557 
4.84497976 
4.88878059 
4.97723961 
5.20956516 
5.48040771 
5.33152962 
5.16258955 
4.96095324 
4.72843647 
5.04418850 
5.28157759 
5.44108343 
5.46834278 
5.31657171 
5.01226377 
4.92872238 
4.58264160 
4.01077700 
3.95469904 
4.19724941 
4.44727230 
4.55823803 
3.99442840 
3.83209395 
3.86691689 
4.14496469 
4.48045540 
4.40598392 
4.03406572 
3.98411131 
3.99669623 
4.07102776 
4.20268869 
4.26463699 
4.25546789 
3.71617079 
4.05681515 
4.62167263 
4.63551140 
4.60918427 
4.23655367 
4.00889063 
4.02523279 
4.28281116 
4.59605551 
4.48212767 
4.13143063 
3.94673896 
4.11804676 
4.51782560 
4.66490984 
4.69362164 
4.40595484 
3.88087010 
4.10554409 
4.53279257 
4.63578987 
4.64896631 
4.35193110 
4.15542221 
3.94175935 
4.08224916 
 243 
1959.33264 
1959.16602 
1958.99939 
1958.83264 
1958.66602 
1958.49939 
1958.33264 
1958.16602 
1957.99939 
1957.83264 
1957.66602 
1957.49939 
1957.33264 
1957.16602 
1956.99939 
1956.83264 
1956.66602 
1956.49939 
1956.33264 
1956.16602 
1955.99939 
1955.83264 
1955.66602 
1955.49939 
1955.33264 
1955.16602 
1954.99939 
1954.83264 
1954.66602 
1954.49939 
1954.33264 
1954.16602 
1953.99939 
1953.83264 
1953.66602 
1953.49939 
1953.33264 
1953.16602 
1952.99939 
1952.83264 
1952.66602 
1952.49939 
1952.33264 
1952.16602 
1951.99939 
1951.83264 
5.07991886 
5.49143219 
5.38596201 
4.66564703 
4.89197779 
4.95749283 
5.02300835 
5.08835602 
5.08976793 
5.00856066 
4.84541130 
4.67213917 
5.00283051 
5.44553566 
5.27564716 
5.03649807 
5.15088463 
4.90676880 
5.06889391 
4.84070921 
4.66921425 
4.68080187 
4.62564659 
4.60299063 
4.75272083 
4.54496384 
4.77465057 
4.84078121 
4.74520493 
4.72916985 
4.71313477 
4.69638681 
4.39671803 
4.28403187 
4.35642052 
4.41290379 
4.65668488 
4.78679180 
4.68903160 
4.59127188 
4.49360991 
4.43550777 
4.43224430 
4.48341131 
4.58768320 
4.56744719 
4.50626707 
4.73060846 
4.51619196 
3.91746235 
4.06140757 
4.56208992 
4.68840933 
4.28119993 
4.14350796 
4.04856634 
4.27343369 
4.64882755 
4.66117334 
4.31190014 
4.05511045 
4.33562946 
4.66355085 
4.69201899 
4.64261484 
4.57799673 
4.49717283 
4.16558313 
4.15525246 
4.46999741 
4.70982361 
4.56699038 
4.07517433 
4.05064058 
4.23070478 
4.77175665 
4.61802864 
4.48673773 
4.37531757 
3.86499238 
4.12266779 
4.93744087 
4.92630911 
4.59234715 
4.11831236 
3.93108964 
3.98670363 
4.52323341 
4.71595001 
4.40813351 
3.89220071 
4.02579260 
 244 
1951.66602 
1951.49939 
1951.33264 
1951.16602 
1950.99939 
1950.83264 
1950.66602 
1950.49939 
1950.33264 
1950.16602 
1949.99939 
1949.83264 
1949.66602 
1949.49939 
1949.33264 
1949.16602 
1948.99939 
1948.83276 
1948.66602 
1948.49939 
1948.33276 
1948.16602 
1947.99939 
1947.83276 
1947.66602 
1947.49939 
1947.33276 
1947.16602 
1946.99939 
1946.83276 
1946.66602 
1946.49939 
1946.33276 
1946.16602 
1945.99939 
1945.83276 
1945.66602 
1945.49939 
1945.33276 
1945.16602 
1944.99939 
1944.83276 
1944.66602 
1944.49939 
1944.33276 
1944.16602 
4.42401838 
4.31938887 
4.21537542 
4.36357307 
4.69225979 
4.90689182 
4.67313051 
4.83563519 
4.93019390 
4.60253143 
4.55884552 
4.51515961 
4.47231913 
4.77977037 
4.89938498 
5.01837921 
4.87896204 
4.76342726 
4.74185038 
4.65311575 
4.66586637 
4.77961159 
4.96340132 
4.72584772 
4.74712753 
4.84967613 
4.95222473 
5.05408335 
4.86251402 
4.71868038 
4.62255192 
4.70364952 
4.83642387 
5.01993418 
5.00491619 
4.83659697 
4.51693201 
4.43140268 
4.47953176 
4.66125631 
5.34526825 
4.92139769 
4.55416059 
4.81548786 
5.05207157 
5.26365805 
4.29853487 
4.68519402 
4.85493279 
4.65857124 
4.44784307 
4.06966639 
4.27123642 
4.80231905 
4.66643906 
4.44337797 
4.03845072 
3.90364122 
3.95348382 
4.52936220 
4.58319235 
4.27987385 
4.13186264 
4.00970697 
4.05742455 
4.29066372 
4.55126762 
4.56467485 
4.45276260 
4.15882874 
4.28934574 
4.96116686 
4.88954687 
4.60162735 
4.08759403 
3.97869587 
4.11139154 
4.27776051 
4.69602680 
4.76233006 
3.97762656 
3.97260213 
4.31669998 
4.75481367 
4.71904755 
4.25067759 
3.94520164 
4.06884289 
4.35834169 
4.75344896 
4.41268158 
4.27081680 
 245 
1943.99939 
1943.83276 
1943.66602 
1943.49939 
1943.33276 
1943.16602 
1942.99939 
1942.83276 
1942.66602 
1942.49939 
1942.33276 
1942.16602 
1941.99939 
1941.83276 
1941.66602 
1941.49939 
1941.33276 
1941.16602 
1940.99939 
1940.83276 
1940.66602 
1940.49939 
1940.33276 
1940.16602 
1939.99939 
1939.83276 
1939.66602 
1939.49939 
1939.33276 
1939.16602 
1938.99939 
1938.83276 
1938.66614 
1938.49939 
1938.33276 
1938.16614 
1937.99939 
1937.83276 
1937.66614 
1937.49939 
1937.33276 
1937.16614 
1936.99939 
1936.83276 
1936.66614 
1936.49939 
5.26577711 
5.26789618 
5.26932573 
4.96732140 
5.04719114 
5.53554440 
5.30940342 
5.08326292 
4.85694218 
4.55196476 
4.94403648 
5.33090115 
5.21506786 
4.95826674 
4.56304407 
4.75397348 
5.04888487 
5.44545889 
5.20521832 
4.93889189 
4.64724350 
4.59964418 
4.64635086 
4.78680468 
5.04680920 
5.05198622 
4.80440283 
4.66958046 
4.97773886 
4.97938490 
4.89880610 
4.81822729 
4.73779488 
4.72543383 
4.81928825 
5.01777315 
4.89782572 
4.74024630 
4.54572678 
4.52665377 
4.71837950 
5.11805487 
5.03598642 
4.73910713 
4.54631090 
4.86065292 
4.46377802 
4.13439751 
4.24211454 
4.86812878 
4.77499580 
4.40599203 
4.03606224 
4.19497633 
4.49985743 
4.78194714 
4.75756502 
4.60488129 
4.35474777 
4.20850611 
4.06963587 
4.03744888 
4.55743408 
4.75383759 
4.25831795 
3.98261952 
4.29994488 
4.78365040 
4.61239672 
4.11127329 
4.17112732 
4.13913727 
4.05519915 
4.18583965 
4.68142796 
4.67409611 
4.43177223 
4.21682262 
4.15824699 
4.48671532 
4.72361851 
4.53266859 
4.57704353 
4.02477312 
4.13743544 
4.59040642 
4.66361713 
4.54215097 
4.21308804 
3.85786772 
4.13416433 
4.52260017 
 246 
1936.33276 
1936.16614 
1935.99939 
1935.83276 
1935.66614 
1935.49939 
1935.33276 
1935.16614 
1934.99939 
1934.83276 
1934.66614 
1934.49939 
1934.33276 
1934.16614 
1933.99939 
1933.83276 
1933.66614 
1933.49939 
1933.33276 
1933.16614 
1932.99939 
1932.83276 
1932.66614 
1932.49939 
1932.33276 
1932.16614 
1931.99939 
1931.83276 
1931.66614 
1931.49939 
1931.33276 
1931.16614 
1930.99939 
1930.83276 
1930.66614 
1930.49939 
1930.33276 
1930.16614 
1929.99939 
1929.83276 
1929.66614 
1929.49939 
1929.33276 
1929.16614 
1928.99939 
1928.83276 
5.06742334 
5.16660976 
4.83119345 
4.75263500 
4.81920719 
4.92386293 
5.06670237 
5.24655485 
5.01100397 
4.77545261 
4.53963232 
4.41277170 
4.72627926 
5.20778942 
5.17363024 
4.94679976 
4.49471235 
4.51948309 
4.57480335 
4.85317326 
5.12616301 
5.28652048 
4.66352415 
4.72977495 
5.07179880 
5.27784252 
5.10294294 
5.01110363 
4.93992805 
4.94758177 
4.95523500 
4.96279430 
4.89417744 
4.67522526 
4.37233543 
4.54731464 
4.59505320 
4.51664972 
4.49627638 
4.47590303 
4.45580053 
4.57629824 
4.75285530 
4.98430157 
4.82895851 
4.66725206 
4.62214661 
4.28186321 
4.05251884 
4.01412868 
3.91424394 
4.06197548 
4.44187069 
4.55409098 
4.54686975 
3.78032827 
3.82962298 
4.27951527 
4.39643621 
4.43557596 
4.39715576 
4.11493683 
3.85335445 
4.19689035 
4.41300678 
4.44099665 
4.35910034 
3.88317823 
3.85916829 
3.83515835 
3.81114841 
3.78713846 
3.76312852 
3.73911881 
3.71510887 
3.69085836 
3.59457946 
3.29018664 
3.73489523 
4.48502636 
4.70559788 
4.95280457 
4.57383394 
4.21706533 
4.15612555 
4.31224632 
4.62059927 
4.75633574 
4.48618221 
4.52291822 
3.96704435 
4.16165876 
 247 
1928.66614 
1928.49951 
1928.33276 
1928.16614 
1927.99951 
1927.83276 
1927.66614 
1927.49951 
1927.33276 
1927.16614 
1926.99951 
1926.83276 
1926.66614 
1926.49951 
1926.33276 
1926.16614 
1925.99951 
1925.83276 
1925.66614 
1925.49951 
1925.33276 
1925.16614 
1924.99951 
1924.83276 
1924.66614 
1924.49951 
1924.33276 
1924.16614 
1923.99951 
1923.83276 
1923.66614 
1923.49951 
1923.33276 
1923.16614 
1922.99951 
1922.83276 
1922.66614 
1922.49951 
1922.33276 
1922.16614 
1921.99951 
1921.83276 
1921.66614 
1921.49951 
1921.33276 
1921.16614 
4.49992752 
4.69831276 
4.89669800 
5.26051235 
4.85514688 
4.74978876 
4.84220934 
4.88055897 
4.89018440 
4.87103081 
4.70830154 
4.63862467 
4.66139078 
4.72776175 
4.79413319 
4.86039209 
4.86539984 
4.74368525 
4.68445015 
5.00129843 
5.31814623 
5.63390255 
5.34133816 
4.80743027 
5.04160595 
5.08882284 
5.13603973 
5.18237972 
4.74116182 
4.51521587 
4.60221720 
4.87399006 
5.04674101 
5.12090492 
5.04453325 
4.89451361 
4.67167473 
4.62504578 
4.68000984 
4.83564615 
4.80650091 
4.57727194 
4.34116220 
4.41553879 
4.56550217 
4.78996706 
4.67182493 
4.65070677 
4.69505119 
4.65287018 
4.39843655 
4.29118681 
4.19056463 
4.43996191 
4.83669281 
4.51517582 
4.44449568 
4.01668692 
4.23357725 
4.44462442 
4.55546379 
4.25640297 
4.03366756 
4.00515747 
4.45755243 
4.62080669 
4.39182663 
4.06783295 
4.01611710 
4.25594282 
4.41896820 
4.54919910 
4.43013287 
4.12696314 
3.88299775 
3.98016024 
4.23391867 
4.41474009 
4.52065420 
4.48447466 
4.30773115 
4.05070496 
4.06942654 
4.44270086 
4.54531336 
3.61261773 
3.64807510 
3.97317815 
4.36367655 
4.54122686 
4.37284803 
3.78468609 
 248 
1920.99951 
1920.83276 
1920.66614 
1920.49951 
1920.33276 
1920.16614 
1919.99951 
1919.83276 
1919.66614 
1919.49951 
1919.33276 
1919.16614 
1918.99951 
1918.83276 
1918.66614 
1918.49951 
1918.33289 
1918.16614 
1917.99951 
1917.83289 
1917.66614 
1917.49951 
1917.33289 
1917.16614 
1916.99951 
1916.83289 
1916.66614 
1916.49951 
1916.33289 
1916.16614 
1915.99951 
1915.83289 
1915.66614 
1915.49951 
1915.33289 
1915.16614 
1914.99951 
1914.83289 
1914.66614 
1914.49951 
1914.33289 
1914.16614 
1913.99951 
1913.83289 
1913.66614 
1913.49951 
4.68723106 
4.47533655 
4.92133188 
4.88968611 
4.85804033 
4.82725620 
5.04172230 
4.65784740 
4.59534168 
4.70519495 
4.99369717 
5.02412558 
5.05958986 
5.02278471 
4.91429806 
4.83038235 
4.83150721 
4.82141685 
4.75917578 
4.49009180 
4.51234484 
4.58337116 
4.63497019 
4.66703653 
4.64125061 
4.61546469 
4.58984232 
4.66586876 
4.92979956 
4.98395109 
4.68940258 
4.69481182 
4.40796757 
4.41195059 
4.61533976 
4.98645926 
4.70076227 
4.49209785 
4.36021233 
4.37392044 
4.61182833 
5.07184172 
5.08243370 
4.93984079 
4.64556885 
4.71355963 
4.00747442 
4.22551346 
4.41626263 
4.68375635 
4.47171211 
4.26461172 
4.09904671 
4.56432390 
4.68161297 
4.78044081 
4.60991573 
4.30754089 
4.34791660 
4.54424429 
5.00928116 
4.85083866 
4.81515837 
4.84928846 
4.94943810 
4.49411345 
4.76308918 
5.16811562 
5.17320490 
4.78046560 
4.76739788 
4.46885777 
4.56403875 
4.75400305 
4.88113070 
4.67971325 
4.44013500 
4.20421505 
4.49710798 
4.66009665 
4.49493790 
4.13805342 
3.92100954 
3.92460632 
4.31501913 
4.69825602 
4.84301472 
4.37006664 
3.87601924 
3.84445238 
4.29978895 
4.54673195 
 249 
1913.33289 
1913.16614 
1912.99951 
1912.83289 
1912.66614 
1912.49951 
1912.33289 
1912.16614 
1911.99951 
1911.83289 
1911.66614 
1911.49951 
1911.33289 
1911.16614 
1910.99951 
1910.83289 
1910.66614 
1910.49951 
1910.33289 
1910.16614 
1909.99951 
1909.83289 
1909.66614 
1909.49951 
1909.33289 
1909.16614 
1908.99951 
1908.83289 
1908.66614 
1908.49951 
1908.33289 
1908.16626 
1907.99951 
1907.83289 
1907.66626 
1907.49951 
1907.33289 
1907.16626 
1906.99951 
1906.83289 
1906.66626 
1906.49951 
1906.33289 
1906.16626 
1905.99951 
1905.83289 
4.78155088 
4.84939289 
4.83351326 
4.70116091 
4.82777357 
4.96531630 
5.02652788 
5.01161051 
4.82544851 
4.75166798 
4.78971052 
4.90321207 
5.01671410 
5.12995911 
5.06988001 
4.77491808 
5.08563805 
5.15803337 
5.21351194 
5.25173092 
4.98762178 
4.82292271 
4.75726652 
4.83584785 
5.04790020 
5.39158344 
4.98837376 
4.90147781 
4.97945833 
5.14041233 
5.30136681 
5.46205902 
5.43647099 
5.00396442 
4.77349234 
5.11903286 
5.42833376 
5.35750294 
5.30528212 
5.25306129 
5.20062494 
4.99194956 
4.96186924 
5.52626848 
5.19185257 
5.03581905 
4.49437141 
4.33929110 
4.15955496 
4.41332197 
4.72292757 
4.91716194 
4.98559237 
4.59430647 
4.37559938 
4.60597134 
4.99230766 
4.81139851 
4.72142792 
4.53174257 
4.49592733 
4.54619741 
4.97611713 
5.00122404 
4.93496895 
4.83336306 
4.09672022 
4.21343803 
4.79175472 
4.79689789 
4.36254215 
4.25464964 
4.27426338 
4.43978548 
4.83118725 
4.96440411 
4.73822594 
4.34425068 
4.23591089 
4.18889856 
4.56182623 
4.85462809 
4.76751995 
4.53366804 
4.40549183 
4.40079832 
4.64788342 
5.01954794 
4.68154764 
4.40462971 
4.21835518 
4.20977163 
 250 
1905.66626 
1905.49951 
1905.33289 
1905.16626 
1904.99951 
1904.83289 
1904.66626 
1904.49951 
1904.33289 
1904.16626 
1903.99951 
1903.83289 
1903.66626 
1903.49951 
1903.33289 
1903.16626 
1902.99951 
1902.83289 
1902.66626 
1902.49951 
1902.33289 
1902.16626 
1901.99951 
1901.83289 
1901.66626 
1901.49951 
1901.33289 
1901.16626 
1900.99951 
1900.83289 
1900.66626 
1900.49951 
1900.33289 
1900.16626 
1899.99951 
1899.83289 
1899.66626 
1899.49951 
1899.33289 
1899.16626 
1898.99951 
1898.83289 
1898.66626 
1898.49951 
1898.33289 
1898.16626 
4.63822174 
4.78390551 
5.13110733 
5.23219252 
5.25241756 
4.90903187 
4.80430412 
4.86098862 
5.18155432 
5.35121536 
5.14701366 
4.95206451 
4.76666260 
4.85421515 
5.00459766 
5.34665060 
4.95100117 
4.63059425 
4.55741644 
4.86114025 
5.28340816 
5.36289597 
5.12266588 
4.62928200 
4.63675642 
4.71759987 
4.79844332 
4.87905884 
4.99958420 
5.02817774 
4.74842215 
4.86345577 
4.97848940 
5.09342909 
5.13143873 
5.03662062 
4.80985880 
4.78375101 
5.22879028 
5.62880135 
5.29948044 
5.10710621 
4.82122850 
4.87420273 
4.95003366 
5.04842377 
4.57065678 
4.73912621 
4.78742361 
4.65911341 
4.41050625 
4.27733994 
4.94324017 
5.15447474 
4.94098949 
4.67591190 
4.56623888 
4.50264692 
4.76784182 
4.87121916 
4.65935564 
4.21382046 
4.04068613 
4.46849632 
4.76712847 
4.88558483 
4.81346369 
4.60650301 
4.26631498 
4.14953899 
4.42091942 
4.84386158 
4.86957693 
4.66425753 
4.09854650 
4.03641462 
4.21227407 
4.45337629 
4.51964521 
4.41449261 
4.21368551 
4.11931372 
4.45375204 
5.23727703 
5.20289087 
5.10998344 
4.96069145 
4.88018084 
5.43031216 
5.22634745 
5.07300806 
4.78154564 
 251 
1897.99963 
1897.83289 
1897.66626 
1897.49963 
1897.33289 
1897.16626 
1896.99963 
1896.83289 
1896.66626 
1896.49963 
1896.33289 
1896.16626 
1895.99963 
1895.83289 
1895.66626 
1895.49963 
1895.33289 
1895.16626 
1894.99963 
1894.83289 
1894.66626 
1894.49963 
1894.33289 
1894.16626 
1893.99963 
1893.83289 
1893.66626 
1893.49963 
1893.33289 
1893.16626 
1892.99963 
1892.83289 
1892.66626 
1892.49963 
1892.33289 
1892.16626 
1891.99963 
1891.83289 
1891.66626 
1891.49963 
1891.33289 
1891.16626 
1890.99963 
1890.83289 
1890.66626 
1890.49963 
4.98423958 
4.78923130 
4.62346077 
4.76706553 
4.91067076 
5.05395365 
4.83917522 
4.61765766 
4.74723530 
4.88992548 
5.03261518 
5.17497826 
5.02547693 
4.37243652 
4.58076477 
4.51760101 
5.07408428 
4.86003494 
4.65404654 
4.53626347 
4.50655365 
4.70982695 
5.14292336 
5.25083542 
4.89546537 
4.89534760 
5.10516977 
5.02244902 
4.97774935 
4.97066784 
4.73283291 
4.58967495 
4.54080439 
4.49663353 
5.10482836 
5.25353527 
4.93748045 
4.74724817 
4.68250799 
4.79754591 
4.98090982 
5.23178768 
4.99584103 
4.83180714 
4.83284569 
4.87146997 
4.73963785 
4.94920540 
5.10374975 
5.20276260 
4.88364697 
4.68902874 
4.21994448 
4.19757175 
4.33053732 
4.46016264 
4.59224033 
4.47325754 
4.20452213 
3.99417067 
4.31729937 
4.67662859 
4.58059025 
4.18024063 
4.21424055 
4.11285257 
4.14820147 
4.47032022 
4.49653053 
4.36113739 
4.07353926 
4.16206932 
4.45252657 
4.50649214 
4.54061270 
3.97316766 
3.87785363 
4.04787636 
4.21879387 
4.39103222 
4.65774536 
4.55394602 
3.87297201 
4.05973291 
4.05679655 
4.33011484 
4.29610538 
3.92270231 
3.77799296 
3.88659096 
4.23818445 
4.40281582 
 252 
1890.33289 
1890.16626 
1889.99963 
1889.83289 
1889.66626 
1889.49963 
1889.33289 
1889.16626 
1888.99963 
1888.83289 
1888.66626 
1888.49963 
1888.33289 
1888.16626 
1887.99963 
1887.83301 
1887.66626 
1887.49963 
1887.33301 
1887.16626 
1886.99963 
1886.83301 
1886.66626 
1886.49963 
1886.33301 
1886.16626 
1885.99963 
1885.83301 
1885.66626 
1885.49963 
1885.33301 
1885.16626 
1884.99963 
1884.83301 
1884.66626 
1884.49963 
1884.33301 
1884.16626 
1883.99963 
1883.83301 
1883.66626 
1883.49963 
1883.33301 
1883.16626 
1882.99963 
1882.83301 
4.91006613 
4.92035055 
4.97526264 
4.76354694 
4.53836441 
4.59051752 
4.64267063 
4.69467211 
4.58807564 
4.52151489 
4.49496889 
4.60708189 
4.70722008 
4.79523182 
4.67177725 
4.61351299 
4.56498146 
4.59681749 
4.62865400 
4.66041136 
4.60479641 
4.54918146 
4.49352932 
4.47985172 
4.99104214 
4.86765051 
4.49842262 
4.38452196 
4.52508593 
4.70034647 
4.87560701 
5.05028343 
4.54548597 
4.57085705 
4.64829922 
4.84194708 
5.03559494 
5.22870255 
4.77457142 
4.42416334 
4.33456182 
4.61859083 
4.76593065 
4.77698231 
4.73260260 
4.63906145 
4.38289642 
4.22308922 
3.94820762 
4.03233290 
4.27080059 
4.46675491 
4.23309040 
3.93066716 
3.73166299 
4.05145359 
4.32907867 
4.46701574 
4.47070837 
4.22323656 
4.01158619 
4.01481628 
4.37039137 
4.46712399 
4.26745129 
4.05513096 
3.83112025 
4.04468584 
4.19380999 
4.27919197 
4.34216547 
4.10476351 
3.68501949 
3.70922375 
4.02120924 
4.18013000 
4.59144211 
4.54644585 
3.73589134 
3.78884959 
4.20504189 
4.40749311 
4.42888880 
4.23489189 
3.86995721 
3.91723108 
4.25334406 
4.41749382 
4.40606689 
4.12495232 
4.10461044 
4.34107256 
 253 
1882.66626 
1882.49963 
1882.33301 
1882.16626 
1881.99963 
1881.83301 
1881.66626 
1881.49963 
1881.33301 
1881.16626 
1880.99963 
1880.83301 
1880.66626 
1880.49963 
1880.33301 
1880.16626 
1879.99963 
1879.83301 
1879.66626 
1879.49963 
1879.33301 
1879.16626 
1878.99963 
1878.83301 
1878.66626 
1878.49963 
1878.33301 
1878.16626 
1877.99963 
1877.83301 
1877.66638 
1877.49963 
1877.33301 
1877.16638 
1876.99963 
1876.83301 
1876.66638 
1876.49963 
1876.33301 
1876.16638 
1875.99963 
1875.83301 
1875.66638 
1875.49963 
1875.33301 
1875.16638 
4.49671030 
4.59667301 
4.74621487 
4.84146309 
4.88783121 
4.87073040 
4.59838200 
4.62207985 
4.72119951 
4.89561892 
5.03074026 
4.87442303 
4.64806223 
4.66967773 
4.91875505 
4.70135593 
4.53078699 
4.61768770 
4.78231621 
5.03523684 
5.14299107 
4.99059343 
4.93311071 
4.87562847 
4.81810427 
4.81550121 
5.18001938 
4.99086046 
4.66707754 
4.41761398 
4.24255085 
4.49231291 
4.59713411 
4.58653021 
4.70218706 
4.81784391 
4.93345118 
4.97278690 
5.01212263 
5.05118608 
4.66620111 
4.49589109 
4.53972340 
4.60541058 
4.67109776 
4.73660326 
4.46325970 
4.52859163 
4.62030840 
4.29915380 
4.02594042 
3.91623783 
4.21351814 
4.55056667 
4.42910194 
4.30805111 
4.06681728 
3.89356756 
4.19853926 
4.43160486 
4.39277220 
4.04446220 
3.86535239 
4.06017494 
4.22016478 
4.39948893 
4.36137724 
3.87609577 
3.83092856 
4.14411736 
4.34520531 
4.43476295 
4.35009718 
4.26543140 
4.17838669 
3.69252396 
4.48527622 
4.48254728 
4.31107712 
4.14761639 
3.99169660 
3.84871912 
4.16846132 
4.51545048 
4.42547131 
4.28257799 
4.08667707 
3.94462633 
4.18574238 
4.22850180 
4.18056440 
4.10833168 
 254 
1874.99963 
1874.83301 
1874.66638 
1874.49963 
1874.33301 
1874.16638 
1873.99963 
1873.83301 
1873.66638 
1873.49963 
1873.33301 
1873.16638 
1872.99963 
1872.83301 
1872.66638 
1872.49963 
1872.33301 
1872.16638 
1871.99963 
1871.83301 
1871.66638 
1871.49963 
1871.33301 
1871.16638 
1870.99963 
1870.83301 
1870.66638 
1870.49963 
1870.33301 
1870.16638 
1869.99963 
1869.83301 
1869.66638 
1869.49963 
1869.33301 
1869.16638 
1868.99963 
1868.83301 
1868.66638 
1868.49963 
1868.33301 
1868.16638 
1867.99963 
1867.83301 
1867.66638 
1867.49976 
4.50843239 
4.40824270 
4.43581152 
4.61155701 
4.71475315 
4.74556589 
4.76116657 
4.74099731 
4.68527222 
4.85124302 
4.94486237 
4.96619606 
4.81293011 
4.65966415 
4.50651264 
4.55803299 
5.32672119 
4.72245359 
4.71974897 
4.71704388 
4.71427727 
4.59560966 
4.77228880 
4.87509823 
4.63092136 
4.47044182 
4.39358711 
4.51433229 
4.55550909 
4.51736355 
4.65056562 
4.48321819 
4.50917768 
4.67648506 
4.89373589 
5.16057730 
4.88630962 
4.64914703 
4.49048328 
4.54523087 
4.59997892 
4.65479136 
4.77020550 
4.57802725 
4.54700422 
4.79702377 
3.98552823 
3.93942213 
4.17491388 
4.34433794 
4.33139706 
4.10787439 
4.01081753 
3.92524314 
4.09234190 
4.35293436 
4.34471416 
4.37699080 
4.03378344 
3.86684704 
3.98228455 
4.21539259 
4.41582489 
4.28415012 
4.04349518 
3.94578457 
4.14046288 
4.29649591 
4.15232372 
3.97474980 
3.90539289 
3.80782008 
4.13659668 
4.21345520 
4.20619202 
4.10046721 
4.04357576 
3.80955720 
4.12678289 
4.48443127 
4.38227558 
4.19369221 
3.94191146 
3.82381725 
3.95325398 
4.44424725 
4.38392401 
3.91675258 
3.81910706 
3.98993444 
4.31422949 
4.58335161 
 255 
1867.33301 
1867.16638 
1866.99976 
1866.83301 
1866.66638 
1866.49976 
1866.33301 
1866.16638 
1865.99976 
1865.83301 
1865.66638 
1865.49976 
1865.33301 
1865.16638 
1864.99976 
1864.83301 
1864.66638 
1864.49976 
1864.33301 
1864.16638 
1863.99976 
1863.83301 
1863.66638 
1863.49976 
1863.33301 
1863.16638 
1862.99976 
1862.83301 
1862.66638 
1862.49976 
1862.33301 
1862.16638 
1861.99976 
1861.83301 
1861.66638 
1861.49976 
1861.33301 
1861.16638 
1860.99976 
1860.83301 
1860.66638 
1860.49976 
1860.33301 
1860.16638 
1859.99976 
1859.83301 
4.96639729 
5.05509663 
4.75074720 
4.62550783 
4.49059200 
4.79016685 
4.65495062 
4.79033422 
4.92404842 
4.52685785 
4.22705460 
4.64810133 
4.76772642 
4.75727463 
4.68907881 
4.62088299 
4.55273294 
4.60955191 
4.75207663 
4.93120527 
4.70663118 
4.58209467 
4.47785378 
4.52189589 
4.56593800 
4.61000109 
4.71759748 
4.70765162 
4.58032942 
4.49694967 
4.50291252 
4.59808254 
4.61326981 
4.61604738 
4.60639429 
4.47184467 
4.42664671 
4.47077322 
4.65782642 
4.58082962 
4.52146435 
4.52118206 
4.59501123 
4.64396667 
4.67723799 
4.57717514 
4.26936531 
3.73888040 
3.68305874 
3.91518641 
4.17524052 
4.29482460 
4.06736040 
3.92838097 
3.87667537 
3.72995853 
4.18970728 
4.39049435 
4.22225380 
4.03576183 
3.83131289 
3.72253799 
4.06604242 
4.47124100 
4.26290989 
4.07470751 
4.06522703 
3.84998965 
4.17020607 
4.43020582 
4.46542358 
4.17721128 
4.07608986 
4.06001472 
4.04393959 
4.02786446 
4.01178932 
3.99571419 
4.00472879 
4.03384542 
4.40046930 
4.38453436 
4.12771177 
3.88920069 
3.97757363 
4.14210415 
4.37775993 
4.20428324 
4.14857674 
3.96020842 
3.64076853 
3.75764298 
 256 
1859.66638 
1859.49976 
1859.33301 
1859.16638 
1858.99976 
1858.83301 
1858.66638 
1858.49976 
1858.33301 
1858.16638 
1857.99976 
1857.83301 
1857.66638 
1857.49976 
1857.33313 
1857.16638 
1856.99976 
1856.83313 
1856.66638 
1856.49976 
1856.33313 
1856.16638 
1855.99976 
1855.83313 
1855.66638 
1855.49976 
1855.33313 
1855.16638 
1854.99976 
1854.83313 
1854.66638 
1854.49976 
1854.33313 
1854.16638 
1853.99976 
1853.83313 
1853.66638 
1853.49976 
1853.33313 
1853.16638 
1852.99976 
1852.83313 
1852.66638 
1852.49976 
1852.33313 
1852.16638 
4.34399652 
4.44896269 
4.58013821 
4.73744917 
4.68658352 
4.56636858 
4.37692118 
4.43314028 
4.48935938 
4.54560804 
4.65951395 
4.42975235 
4.38776398 
4.58165503 
4.62809420 
4.61268425 
4.44478321 
4.37295008 
4.39712572 
4.47625494 
4.55892324 
4.64512396 
4.55814028 
4.46831942 
4.41143227 
4.64655018 
4.71132374 
4.60581732 
4.29642153 
4.13806915 
4.14134121 
4.25973797 
4.37813425 
4.49653816 
4.67842531 
4.58158016 
4.36522198 
4.31508207 
4.54678249 
4.76434660 
4.63861227 
4.52558756 
4.42527533 
4.40952921 
4.72237492 
4.73222160 
4.11468744 
4.25134563 
4.22915983 
3.87958026 
3.72950792 
4.29500294 
4.39505291 
3.77412415 
3.75145745 
3.72879100 
3.70606422 
3.75491309 
4.13466311 
4.31114864 
4.06719685 
3.89845610 
3.81361794 
4.16515207 
4.33527231 
4.40494967 
4.07286167 
3.82965422 
3.84880757 
4.03507376 
4.38853025 
4.28653908 
3.97853947 
3.88536191 
3.71272707 
3.88015342 
4.34501934 
4.51879740 
4.49303722 
4.26119995 
4.43221378 
4.10784292 
4.48943281 
4.48818636 
4.21195269 
4.12089872 
4.18887901 
4.49821281 
4.71840048 
4.62443733 
4.30542183 
4.16133785 
 257 
1851.99976 
1851.83313 
1851.66638 
1851.49976 
1851.33313 
1851.16638 
1850.99976 
1850.83313 
1850.66638 
1850.49976 
1850.33313 
1850.16638 
1849.99976 
1849.83313 
1849.66638 
1849.49976 
1849.33313 
1849.16638 
1848.99976 
1848.83313 
1848.66638 
1848.49976 
1848.33313 
1848.16638 
1847.99976 
1847.83313 
1847.66638 
1847.49976 
1847.33313 
1847.16650 
1846.99976 
1846.83313 
1846.66650 
1846.49976 
1846.33313 
1846.16650 
1845.99976 
1845.83313 
1845.66650 
1845.49976 
1845.33313 
1845.16650 
1844.99976 
1844.83313 
1844.66650 
1844.49976 
4.61441135 
4.50742483 
4.41126728 
4.47329235 
4.53531694 
4.59733963 
4.60074568 
4.55784750 
4.41761732 
4.42213392 
4.50877619 
4.67753458 
4.73470783 
4.68043804 
4.51473236 
4.60146713 
4.68820190 
4.77493715 
4.85287523 
4.93081379 
5.00875187 
 
4.47928953 
4.50720596 
4.53512192 
4.56322670 
4.49524546 
4.14663410 
3.84023833 
4.16840839 
4.60221338 
4.59688711 
4.08365440 
3.95215392 
4.15270901 
4.39636803 
4.49425745 
4.32645702 
4.01893139 
4.16849518 
3.99009609 
4.54377174 
4.66598749 
4.34068584 
4.29042149 
4.20623541 
4.08862925 
4.23015642 
4.38128424 
4.58424473 
4.85760164 
4.18427181 
4.16691351 
4.20816231 
4.33006811 
4.53233910 
4.75205135 
4.55037737 
4.27873468 
4.17348814 
4.46191216 
4.68603420 
4.37608480 
4.07124329 
3.87701678 
4.20967674 
4.68526554 
4.58075953 
 258 
1844.33313 
1844.16650 
1843.99976 
1843.83313 
1843.66650 
1843.49976 
1843.33313 
1843.16650 
1842.99976 
1842.83313 
1842.66650 
1842.49976 
1842.33313 
1842.16650 
1841.99976 
1841.83313 
1841.66650 
1841.49976 
1841.33313 
1841.16650 
1840.99976 
1840.83313 
1840.66650 
1840.49976 
1840.33313 
1840.16650 
1839.99976 
1839.83313 
1839.66650 
1839.49976 
1839.33313 
1839.16650 
1838.99976 
1838.83313 
1838.66650 
1838.49976 
1838.33313 
1838.16650 
1837.99976 
1837.83313 
1837.66650 
1837.49976 
1837.33313 
1837.16650 
1836.99988 
1836.83313 
4.49721575 
4.41367149 
4.32999325 
4.14025116 
4.30104446 
4.59819794 
4.99587345 
4.39213276 
4.35736465 
4.71639204 
4.97619343 
4.52992582 
4.45169306 
4.31688070 
4.12628174 
4.36671782 
4.86378050 
5.12761354 
4.75215149 
4.08542776 
4.30336857 
4.53467846 
4.73211336 
4.94601488 
4.75095606 
4.35700798 
4.40946150 
4.87763166 
5.15586042 
5.23086214 
4.68948078 
4.48895597 
4.41540623 
4.96432447 
5.37177563 
5.45204782 
5.15508318 
4.67576838 
4.38958263 
4.80431080 
5.46209860 
5.09302044 
4.77723694 
4.55666399 
4.43118572 
4.88788223 
 259 
1836.66650 
1836.49988 
1836.33313 
1836.16650 
1835.99988 
1835.83313 
1835.66650 
1835.49988 
1835.33313 
1835.16650 
1834.99988 
1834.83313 
1834.66650 
1834.49988 
1834.33313 
1834.16650 
1833.99988 
1833.83313 
1833.66650 
1833.49988 
1833.33313 
1833.16650 
1832.99988 
1832.83313 
1832.66650 
1832.49988 
1832.33313 
1832.16650 
1831.99988 
1831.83313 
1831.66650 
1831.49988 
1831.33313 
1831.16650 
1830.99988 
1830.83313 
1830.66650 
1830.49988 
1830.33313 
1830.16650 
1829.99988 
1829.83313 
1829.66650 
1829.49988 
1829.33313 
1829.16650 
5.37794495 
4.58205938 
4.62369919 
4.76592112 
5.00792599 
5.18720579 
5.48350430 
5.15470505 
4.90294218 
4.89522648 
5.26792622 
5.65510035 
5.33694267 
4.78308582 
4.56722260 
4.83493805 
4.04144621 
4.63084650 
5.14465380 
5.24425077 
4.80101061 
4.58462715 
5.89493036 
5.02129698 
5.21040583 
5.92480946 
4.37520456 
4.15364790 
4.88701963 
4.92330170 
4.94340372 
4.94728947 
4.84778214 
4.58500767 
4.15993547 
4.37097692 
4.88480473 
4.77488899 
4.52536631 
4.35930347 
4.27663946 
4.89179134 
5.17915678 
4.71208382 
4.74677372 
4.63955116 
 260 
1828.99988 
1828.83313 
1828.66650 
1828.49988 
1828.33313 
1828.16650 
1827.99988 
1827.83313 
1827.66650 
1827.49988 
1827.33313 
1827.16650 
1826.99988 
1826.83325 
1826.66650 
1826.49988 
1826.33325 
1826.16650 
1825.99988 
1825.83325 
1825.66650 
1825.49988 
1825.33325 
1825.16650 
1824.99988 
1824.83325 
1824.66650 
1824.49988 
1824.33325 
1824.16650 
1823.99988 
1823.83325 
1823.66650 
1823.49988 
1823.33325 
1823.16650 
1822.99988 
1822.83325 
1822.66650 
1822.49988 
1822.33325 
1822.16650 
1821.99988 
1821.83325 
1821.66650 
1821.49988 
4.39136648 
4.61942005 
4.93242645 
5.27479839 
4.55125952 
4.35949421 
4.61809397 
4.82012081 
4.99947596 
5.15439463 
4.62017250 
4.33395481 
4.29498911 
4.49509001 
5.12396574 
5.20316362 
4.80861902 
4.26375055 
3.88673782 
4.12623215 
4.29953289 
4.40696907 
4.32986784 
4.17168951 
3.93279672 
3.98334837 
4.79364538 
4.96384287 
4.63580036 
4.67138100 
4.34939003 
4.72392130 
5.00154543 
5.28482819 
5.06932211 
4.60824490 
4.17253304 
4.56774664 
5.14840126 
4.71650076 
4.66513014 
4.68562222 
4.80931139 
5.22388268 
5.30760288 
5.08749914 
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1821.33325 
1821.16650 
1820.99988 
1820.83325 
1820.66650 
1820.49988 
1820.33325 
1820.16650 
1819.99988 
1819.83325 
1819.66650 
1819.49988 
1819.33325 
1819.16650 
1818.99988 
1818.83325 
1818.66650 
1818.49988 
1818.33325 
1818.16650 
1817.99988 
1817.83325 
1817.66650 
1817.49988 
1817.33325 
1817.16650 
1816.99988 
1816.83325 
1816.66663 
1816.49988 
1816.33325 
1816.16663 
1815.99988 
1815.83325 
1815.66663 
1815.49988 
1815.33325 
1815.16663 
1814.99988 
1814.83325 
1814.66663 
1814.49988 
1814.33325 
1814.16663 
1813.99988 
1813.83325 
5.12144756 
5.06632566 
4.92227459 
4.82624912 
5.19414377 
5.42021322 
5.31564331 
5.34275961 
5.82273054 
5.71968985 
5.52160025 
5.22863865 
4.81526375 
4.66976261 
4.79169083 
5.31869507 
5.60800505 
5.78454113 
4.97289085 
4.18115139 
4.26305103 
4.52614069 
5.29866314 
5.02055550 
4.66552258 
4.25956059 
3.80329299 
4.16097498 
4.56723499 
4.79384995 
4.94528723 
4.31323671 
4.17769814 
4.54146957 
4.67262459 
4.99061346 
4.98668098 
4.56460714 
4.15039253 
4.26094389 
4.53950071 
5.22783566 
4.90829182 
4.22887421 
4.83646917 
4.57895565 
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1813.66663 
1813.49988 
1813.33325 
1813.16663 
1812.99988 
1812.83325 
1812.66663 
1812.49988 
1812.33325 
1812.16663 
1811.99988 
1811.83325 
1811.66663 
1811.49988 
1811.33325 
1811.16663 
1810.99988 
1810.83325 
1810.66663 
1810.49988 
1810.33325 
1810.16663 
1809.99988 
1809.83325 
1809.66663 
1809.49988 
1809.33325 
1809.16663 
1808.99988 
1808.83325 
1808.66663 
1808.49988 
1808.33325 
1808.16663 
1807.99988 
1807.83325 
1807.66663 
1807.49988 
1807.33325 
1807.16663 
1806.99988 
1806.83325 
1806.66663 
1806.50000 
1806.33325 
1806.16663 
4.81050301 
4.95950413 
4.32695007 
3.93645000 
4.21673775 
4.44825172 
4.65283775 
4.83054304 
4.85355711 
4.39233971 
4.28591251 
4.48974562 
4.85463285 
4.96074677 
4.72720814 
4.19333267 
4.38652611 
4.68661928 
4.90155602 
4.78642941 
4.54828310 
4.29120827 
4.14289141 
4.49451923 
4.91071558 
4.97218561 
4.81768513 
4.40185595 
4.69870234 
4.95032549 
4.93180180 
5.15631819 
4.96306658 
4.50957394 
4.28947163 
4.60377502 
4.85527420 
4.82761574 
4.78342390 
4.48557186 
4.44016075 
4.70174313 
4.86981297 
4.64373112 
4.51561356 
4.40695333 
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1806.00000 
1805.83325 
1805.66663 
1805.50000 
1805.33325 
1805.16663 
1805.00000 
1804.83325 
1804.66663 
1804.50000 
1804.33325 
1804.16663 
1804.00000 
1803.83325 
1803.66663 
1803.50000 
1803.33325 
1803.16663 
1803.00000 
1802.83325 
1802.66663 
1802.50000 
1802.33325 
1802.16663 
1802.00000 
1801.83325 
1801.66663 
1801.50000 
1801.33325 
1801.16663 
1801.00000 
1800.83325 
1800.66663 
1800.50000 
1800.33325 
1800.16663 
1800.00000 
1799.83325 
1799.66663 
1799.50000 
1799.33325 
1799.16663 
1799.00000 
1798.83325 
1798.66663 
1798.50000 
4.31769609 
4.18067980 
4.25461435 
4.41031313 
4.62725306 
4.70294666 
4.86694288 
4.78706789 
4.70719290 
4.62729836 
4.43818903 
4.31594515 
4.04937887 
4.19050312 
4.41378450 
4.83138180 
4.35320234 
3.96158481 
3.88252616 
4.22523260 
4.52117062 
4.77024174 
4.45464087 
4.15360212 
3.86731195 
4.27185488 
4.58184814 
4.68234444 
4.29034710 
4.14413738 
4.25435686 
4.30177259 
4.63609982 
4.50723886 
4.50624180 
4.46140480 
4.21560955 
4.63384962 
4.79305792 
4.71279144 
4.43309736 
4.39492893 
4.45682049 
4.69998789 
4.80720520 
4.98930836 
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1798.33325 
1798.16663 
1798.00000 
1797.83325 
1797.66663 
1797.50000 
1797.33325 
1797.16663 
1797.00000 
1796.83325 
1796.66663 
1796.50000 
1796.33337 
1796.16663 
1796.00000 
1795.83337 
1795.66663 
1795.50000 
1795.33337 
1795.16663 
1795.00000 
1794.83337 
1794.66663 
1794.50000 
1794.33337 
1794.16663 
1794.00000 
1793.83337 
1793.66663 
1793.50000 
1793.33337 
1793.16663 
1793.00000 
1792.83337 
1792.66663 
1792.50000 
1792.33337 
1792.16663 
1792.00000 
1791.83337 
1791.66663 
1791.50000 
1791.33337 
1791.16663 
 
4.26134300 
3.98056650 
4.14670801 
4.43578243 
4.57002687 
4.54949236 
4.24418020 
4.07948780 
4.05536318 
4.22917223 
4.36902142 
4.47489119 
4.28163576 
3.92784667 
3.86051273 
4.19383287 
4.48491096 
4.29638529 
4.28288937 
4.19182873 
4.02325106 
4.21383047 
4.64415312 
4.71581316 
4.25619078 
4.22291183 
4.03313494 
4.37562418 
4.72570086 
4.87526894 
4.93115616 
4.47932816 
3.96707010 
4.08812237 
4.20917463 
4.33022118 
4.22906160 
4.12790203 
4.02674437 
4.07813168 
4.12951946 
4.18090677 
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Appendix VIII:  Annual Linear Extension of Fiji AB, Fiji 1F, Rarotonga 3R, 
Clipperton 2B, and Clipperton 4B  
 
Year 
(C.E.) 
Fiji AB 
(cm) 
Fiji 1F 
(cm) 
Rarotonga 3R 
(cm) 
Clipp 2B 
(cm) 
Clipp 4B 
(cm) 
2001.0 
2000.0 
1999.0 
1998.0 
1997.0 
1996.0 
1995.0 
1994.0 
1993.0 
1992.0 
1991.0 
1990.0 
1989.0 
1988.0 
1987.0 
1986.0 
1985.0 
1984.0 
1983.0 
1982.0 
1981.0 
1980.0 
1979.0 
1978.0 
1977.0 
1976.0 
1975.0 
1974.0 
1973.0 
1972.0 
1971.0 
1970.0 
1969.0 
1968.0 
1967.0 
1966.0 
1965.0 
1964.0 
1963.0 
1962.0 
1961.0 
0.90000 
1.2000 
1.2000 
1.4000 
1.1000 
1.3000 
1.0000 
1.1000 
1.1000 
1.3000 
1.2000 
1.4000 
1.1000 
1.2000 
1.2000 
1.2000 
1.3000 
1.2000 
1.3000 
1.3000 
1.4000 
1.2000 
1.4000 
1.6000 
1.0000 
1.1000 
1.3000 
1.2000 
1.4000 
0.90000 
1.0000 
1.1000 
1.2000 
1.1000 
1.0000 
1.4000 
1.0000 
1.2000 
1.0000 
1.0000 
1.4000 
 
 
 
 
 
1.3000 
1.1000 
1.2000 
0.90000 
1.1000 
1.1000 
0.90000 
1.2000 
1.0000 
0.70000 
0.70000 
1.2000 
0.80000 
1.0000 
0.90000 
1.0000 
0.90000 
0.90000 
0.80000 
1.0000 
0.90000 
1.2000 
1.1000 
0.80000 
0.80000 
1.1000 
1.5000 
1.3000 
1.3000 
1.2000 
1.1000 
1.2000 
1.0000 
1.1000 
1.1000 
1.4000 
 
 
1.5000 
1.3000 
1.3000 
1.5000 
1.5000 
1.8000 
1.4000 
1.3000 
1.3000 
1.4000 
1.6000 
1.4000 
1.2000 
1.4000 
1.4000 
1.4000 
1.1000 
1.5000 
1.3000 
1.2000 
1.5000 
1.1000 
0.90000 
1.2000 
1.1000 
1.2000 
1.0000 
1.3000 
1.3000 
1.3000 
1.6000 
1.2000 
1.6000 
1.4000 
1.2000 
1.6000 
1.4000 
1.4000 
1.4000 
 
 
 
 
 
 
 
 
1.1900 
1.4000 
1.6000 
2.0000 
2.0000 
1.8000 
1.8000 
2.4000 
2.2000 
2.2000 
2.6000 
1.4000 
2.0000 
2.2000 
2.2000 
2.0000 
2.8000 
1.8000 
2.4000 
2.6000 
1.8000 
2.0000 
2.6000 
2.0000 
2.0000 
2.2000 
2.2000 
2.2000 
2.4000 
0.80000 
1.6000 
2.4000 
1.8000 
 
 
 
 
 
 
 
 
3.7990 
2.2000 
1.8000 
2.4000 
3.2000 
1.8000 
2.2000 
2.8000 
3.2000 
2.4000 
2.6000 
2.6000 
1.8000 
3.4000 
2.0000 
3.2000 
2.0000 
2.2000 
3.2000 
2.2000 
2.2000 
3.2000 
2.2000 
3.0000 
2.0000 
2.2000 
1.4000 
2.8000 
2.0000 
2.6000 
2.4000 
2.0000 
2.4000 
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1960.0 
1959.0 
1958.0 
1957.0 
1956.0 
1955.0 
1954.0 
1953.0 
1952.0 
1951.0 
1950.0 
1949.0 
1948.0 
1947.0 
1946.0 
1945.0 
1944.0 
1943.0 
1942.0 
1941.0 
1940.0 
1939.0 
1938.0 
1937.0 
1936.0 
1935.0 
1934.0 
1933.0 
1932.0 
1931.0 
1930.0 
1929.0 
1928.0 
1927.0 
1926.0 
1925.0 
1924.0 
1923.0 
1922.0 
1921.0 
1920.0 
1919.0 
1918.0 
1917.0 
1916.0 
1915.0 
1.2000 
1.3000 
1.1000 
1.8000 
1.0000 
1.0000 
0.80000 
1.0000 
1.0000 
0.60000 
0.60000 
0.80000 
1.0000 
0.80000 
0.80000 
1.0000 
0.80000 
0.60000 
1.0000 
0.80000 
0.80000 
0.80000 
1.0000 
0.80000 
1.2000 
1.0000 
1.2000 
1.6000 
1.4000 
0.80000 
0.80000 
0.80000 
0.80000 
0.80000 
0.80000 
0.80000 
0.80000 
1.0000 
0.90000 
1.2000 
0.90000 
1.2000 
1.0000 
1.2000 
1.2000 
1.0000 
1.1000 
1.2000 
1.1000 
1.1000 
1.3000 
1.3000 
1.0000 
1.0000 
1.2000 
1.1000 
1.2000 
0.70000 
0.50000 
1.0000 
1.2000 
1.2000 
1.5000 
1.3000 
1.3000 
1.3000 
1.5000 
1.6000 
1.7000 
1.3000 
0.70000 
1.1000 
1.0000 
1.0000 
1.0000 
1.0000 
0.90000 
1.2000 
1.2000 
1.2000 
1.3000 
1.0000 
1.2000 
1.9000 
0.90000 
0.70000 
0.90000 
1.0000 
1.0000 
0.90000 
1.2000 
1.1000 
1.4000 
1.4000 
1.4000 
1.4000 
1.4000 
1.6000 
1.2000 
1.6000 
1.4000 
1.4000 
1.6000 
1.2000 
1.4000 
1.4000 
1.2000 
1.8000 
1.4000 
1.0000 
1.4000 
1.0000 
1.4000 
1.4000 
1.4000 
1.0000 
0.80000 
1.2000 
1.2000 
1.6000 
1.8000 
1.4000 
1.4000 
1.2000 
1.0000 
0.80000 
0.80000 
1.6000 
1.2000 
1.4000 
1.4000 
1.6000 
1.2000 
0.80000 
1.8000 
1.2000 
1.8000 
1.8000 
2.6000 
2.2000 
2.2000 
2.0000 
2.4000 
2.0000 
2.2000 
2.4000 
2.2000 
2.2000 
2.2000 
2.2000 
2.6000 
2.0000 
3.0000 
1.8000 
2.2000 
2.2000 
2.6000 
2.0000 
2.2000 
2.0000 
2.8000 
1.8000 
2.8000 
2.6000 
 
2.2000 
1.0000 
1.4000 
2.0000 
3.0000 
2.0000 
1.8000 
2.6000 
3.2000 
2.0000 
2.0000 
2.4000 
2.4000 
2.0000 
2.2000 
2.2000 
2.4000 
2.4000 
2.2000 
2.8000 
2.4000 
2.0000 
2.0000 
2.6000 
2.2000 
3.4000 
1.6000 
2.8000 
2.6000 
2.4000 
2.8000 
2.0000 
2.6000 
2.6000 
2.4000 
3.6000 
2.4000 
2.2000 
2.4000 
2.2000 
2.2000 
3.4000 
2.8000 
2.4000 
2.8000 
2.2000 
 267 
1914.0 
1913.0 
1912.0 
1911.0 
1910.0 
1909.0 
1908.0 
1907.0 
1906.0 
1905.0 
1904.0 
1903.0 
1902.0 
1901.0 
1900.0 
1899.0 
1898.0 
1897.0 
1896.0 
1895.0 
1894.0 
1893.0 
1892.0 
1891.0 
1890.0 
1889.0 
1888.0 
1887.0 
1886.0 
1885.0 
1884.0 
1883.0 
1882.0 
1881.0 
1880.0 
1879.0 
1878.0 
1877.0 
1876.0 
1875.0 
1874.0 
1873.0 
1872.0 
1871.0 
1870.0 
1869.0 
1.0000 
0.60000 
1.0000 
0.80000 
0.80000 
0.80000 
1.2000 
0.80000 
1.0000 
1.2000 
1.2000 
1.0000 
1.2000 
1.2000 
1.2000 
0.60000 
1.2000 
0.80000 
1.0000 
1.0000 
1.0000 
1.0000 
1.2000 
0.80000 
1.2000 
1.0000 
0.60000 
0.80000 
0.80000 
0.80000 
1.0000 
0.80000 
1.0000 
1.0000 
1.0000 
1.4000 
1.0000 
1.2000 
0.60000 
0.60000 
0.60000 
0.80000 
0.80000 
1.0000 
0.80000 
1.0000 
1.0000 
1.0000 
1.2000 
1.0000 
1.3000 
1.0000 
1.2000 
1.3000 
1.0000 
1.0000 
1.2000 
0.70000 
1.0000 
0.60000 
0.70000 
0.80000 
0.80000 
0.70000 
0.80000 
0.60000 
0.60000 
1.3000 
0.80000 
1.1000 
1.1000 
1.1000 
1.0000 
0.90000 
1.4000 
1.2000 
1.0000 
0.60000 
0.50000 
1.1000 
0.70000 
0.70000 
0.70000 
0.90000 
0.80000 
0.80000 
0.70000 
0.90000 
1.0000 
0.90000 
0.90000 
0.70000 
1.6000 
1.6000 
2.0000 
2.0000 
1.6000 
2.0000 
1.2000 
1.4000 
1.8000 
1.6000 
2.4000 
2.0000 
1.4000 
1.4000 
1.2000 
1.4000 
1.6000 
1.6000 
1.4000 
2.0000 
2.2000 
1.8000 
1.4000 
1.4000 
1.6000 
0.80000 
0.80000 
1.6000 
0.60000 
1.2000 
1.6000 
1.8000 
1.6000 
1.6000 
1.6000 
1.8000 
1.6000 
1.4000 
2.0000 
1.6000 
 
3.2000 
2.2000 
3.0000 
1.6000 
2.4000 
3.4000 
1.8000 
2.4000 
3.0000 
2.4000 
2.2000 
2.8000 
2.8000 
2.4000 
3.2000 
3.2000 
2.6000 
2.8000 
2.8000 
2.2000 
1.8000 
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1868.0 
1867.0 
1866.0 
1865.0 
1864.0 
1863.0 
1862.0 
1861.0 
1860.0 
1859.0 
1858.0 
1857.0 
1856.0 
1855.0 
1854.0 
1853.0 
1852.0 
1851.0 
1850.0 
1849.0 
1848.0 
1847.0 
1846.0 
1845.0 
1844.0 
1843.0 
1842.0 
1841.0 
1840.0 
1839.0 
1838.0 
1837.0 
1836.0 
1835.0 
1834.0 
1833.0 
1832.0 
1831.0 
1830.0 
1829.0 
1828.0 
1827.0 
1826.0 
1825.0 
1824.0 
1823.0 
1.0000 
1.0000 
1.2000 
1.0000 
1.0000 
1.0000 
0.90000 
0.90000 
1.2000 
0.80000 
0.80000 
1.2000 
1.0000 
1.4000 
1.2000 
1.0000 
0.80000 
1.0000 
0.80000 
0.80000 
1.0000 
1.0000 
1.2000 
1.0000 
0.40000 
1.2000 
0.80000 
0.50000 
0.70000 
0.60000 
1.4000 
1.0000 
0.70000 
0.70000 
1.0000 
0.60000 
0.60000 
0.60000 
0.60000 
1.0000 
0.80000 
0.80000 
1.0000 
0.80000 
1.0000 
1.0000 
0.20000 
0.50000 
0.60000 
0.70000 
0.90000 
0.90000 
0.80000 
0.80000 
0.80000 
0.80000 
0.70000 
0.70000 
0.80000 
0.70000 
0.70000 
0.90000 
0.80000 
0.80000 
0.70000 
0.90000 
0.90000 
0.60000 
0.50000 
0.90000 
0.70000 
0.90000 
1.2000 
0.90000 
1.1000 
0.90000 
1.2000 
0.90000 
1.0000 
0.90000 
0.90000 
0.90000 
1.1000 
1.1000 
1.1000 
1.0000 
1.0000 
0.90000 
1.1000 
1.2000 
0.90000 
0.90000 
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1822.0 
1821.0 
1820.0 
1819.0 
1818.0 
1817.0 
1816.0 
1815.0 
1814.0 
1813.0 
1812.0 
1811.0 
1810.0 
1809.0 
1808.0 
1807.0 
1806.0 
1805.0 
1804.0 
1803.0 
1802.0 
1801.0 
1800.0 
1799.0 
1798.0 
1797.0 
1796.0 
1795.0 
1794.0 
1793.0 
1792.0 
1791.0 
1790.0 
1789.0 
1788.0 
1787.0 
1786.0 
1785.0 
1784.0 
1783.0 
1782.0 
1781.0 
1780.0 
1779.0 
1778.0 
1777.0 
0.60000 
1.0000 
1.0000 
0.80000 
1.0000 
1.2000 
1.0000 
1.0000 
1.0000 
0.80000 
1.0000 
1.0000 
0.80000 
1.2000 
1.0000 
1.2000 
1.2000 
1.2000 
1.0000 
1.2000 
1.2000 
0.60000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0500 
0.35000 
1.0000 
0.80000 
1.0000 
1.0000 
1.0000 
0.80000 
0.80000 
0.80000 
1.0000 
1.0000 
0.80000 
1.0000 
0.80000 
1.0000 
0.80000 
0.80000 
1.0000 
0.80000 
1.3000 
0.80000 
1.2000 
1.7000 
1.2000 
0.80000 
0.90000 
0.70000 
1.1000 
1.1000 
0.90000 
0.80000 
1.2000 
1.1000 
0.90000 
0.90000 
1.3000 
0.60000 
0.90000 
0.90000 
0.90000 
0.90000 
0.90000 
0.90000 
1.1000 
1.0000 
0.80000 
0.60000 
0.70000 
0.80000 
1.0000 
0.90000 
1.0000 
1.2000 
1.2000 
0.60000 
0.80000 
0.90000 
1.1000 
1.1000 
1.5000 
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1776.0 
1775.0 
1774.0 
1773.0 
1772.0 
1771.0 
1770.0 
1769.0 
1768.0 
1767.0 
1766.0 
1765.0 
1764.0 
1763.0 
1762.0 
1761.0 
1760.0 
1759.0 
1758.0 
1757.0 
1756.0 
1755.0 
1754.0 
1753.0 
1752.0 
1751.0 
1750.0 
1749.0 
1748.0 
1747.0 
1746.0 
1745.0 
1744.0 
1743.0 
1742.0 
1741.0 
1740.0 
1739.0 
1738.0 
1737.0 
1736.0 
1735.0 
1734.0 
1733.0 
1732.0 
1731.0 
0.90000 
0.70000 
1.0000 
0.80000 
1.0000 
0.60000 
1.2000 
0.80000 
1.2000 
0.80000 
1.0000 
1.0000 
1.0000 
1.0000 
1.2000 
1.2000 
1.0000 
0.80000 
1.0000 
1.0000 
0.80000 
0.60000 
1.0000 
1.0000 
0.80000 
1.0000 
0.80000 
0.80000 
0.80000 
1.0000 
1.0000 
0.80000 
1.2000 
1.0000 
0.80000 
0.80000 
0.80000 
0.80000 
0.80000 
0.90000 
0.70000 
1.0000 
0.80000 
1.2000 
0.80000 
1.0000 
 271 
1730.0 
1729.0 
1728.0 
1727.0 
1726.0 
1725.0 
1724.0 
1723.0 
1722.0 
1721.0 
1720.0 
1719.0 
1718.0 
1717.0 
1716.0 
1715.0 
1714.0 
1713.0 
1712.0 
1711.0 
1710.0 
1709.0 
1708.0 
1707.0 
1706.0 
1705.0 
1704.0 
1703.0 
1702.0 
1701.0 
1700.0 
1699.0 
1698.0 
1697.0 
1696.0 
1695.0 
1694.0 
1693.0 
1692.0 
1691.0 
1690.0 
1689.0 
1688.0 
1687.0 
1686.0 
1685.0 
1.2000 
1.0000 
0.0000 
0.0000 
0.0000 
1.2000 
1.4000 
1.2000 
1.2000 
1.4000 
0.80000 
0.80000 
1.0000 
1.4000 
1.8000 
1.4000 
1.4000 
1.0000 
1.0000 
0.80000 
0.80000 
1.1000 
0.70000 
1.0000 
0.80000 
0.80000 
0.90000 
1.1000 
1.6000 
0.80000 
0.80000 
0.60000 
0.60000 
0.80000 
0.60000 
0.80000 
0.80000 
0.80000 
0.60000 
0.80000 
0.80000 
1.0000 
0.60000 
0.70000 
0.70000 
0.60000 
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1684.0 
1683.0 
1682.0 
1681.0 
1680.0 
1679.0 
1678.0 
1677.0 
1676.0 
1675.0 
1674.0 
1673.0 
1672.0 
1671.0 
1670.0 
1669.0 
1668.0 
1667.0 
1666.0 
1665.0 
1664.0 
1663.0 
1662.0 
1661.0 
1660.0 
1659.0 
1658.0 
1657.0 
1656.0 
1655.0 
1654.0 
1653.0 
1652.0 
1651.0 
1650.0 
1649.0 
1648.0 
1647.0 
1646.0 
1645.0 
1644.0 
1643.0 
1642.0 
1641.0 
1640.0 
1639.0 
0.80000 
0.80000 
0.80000 
0.70000 
0.40000 
0.70000 
0.60000 
0.80000 
0.60000 
0.80000 
0.80000 
0.60000 
1.1000 
0.90000 
0.80000 
0.80000 
0.70000 
0.50000 
0.80000 
1.0000 
1.2000 
0.80000 
0.60000 
1.0000 
0.80000 
1.0000 
1.0000 
0.80000 
0.80000 
1.0000 
0.80000 
1.0000 
0.90000 
0.70000 
0.80000 
1.0000 
0.80000 
1.0000 
0.80000 
0.80000 
0.80000 
1.0000 
0.60000 
0.80000 
0.80000 
0.80000 
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1638.0 
1637.0 
1636.0 
1635.0 
1634.0 
1633.0 
1632.0 
1631.0 
1630.0 
1629.0 
1628.0 
1627.0 
1626.0 
1625.0 
1624.0 
1623.0 
1622.0 
1621.0 
1620.0 
1619.0 
1618.0 
1617.0 
 
1.2000 
1.0000 
0.80000 
0.90000 
0.70000 
1.0000 
1.0000 
0.80000 
0.80000 
0.60000 
0.80000 
0.80000 
0.80000 
0.60000 
1.0000 
0.80000 
0.80000 
1.0000 
0.80000 
0.80000 
0.80000 
0.80000 
 
 
 
Appendix IX:  Interannual (5-year) Density of Fiji AB, Fiji 1F, Rarotonga 3R, 
Clipperton 2B, and Clipperton 4B  
 
Year 
(C.E.) 
Fiji AB 
(g cm-3) 
Fiji 1F 
(g cm-3) 
Rarotonga 3R 
(g cm-3) 
Clipp 2B 
(g cm-3) 
Clipp 4B 
(g cm-3) 
1999.0 
1994.0 
1989.0 
1984.0 
1979.0 
1974.0 
1969.0 
1964.0 
1959.0 
1954.0 
1949.0 
1944.0 
1939.0 
1934.0 
1929.0 
1924.0 
1.8607 
1.8451 
1.8263 
1.8125 
1.7653 
1.7727 
1.7544 
1.7246 
1.7151 
1.7972 
1.6544 
1.7402 
1.6942 
1.6607 
1.7031 
1.7166 
 
1.8763 
1.7652 
1.7607 
1.7805 
1.7738 
1.8475 
1.9065 
1.9001 
1.8110 
1.7440 
1.9961 
2.1191 
1.9690 
1.9078 
1.7779 
 
1.7796 
1.7424 
1.8263 
1.8202 
1.7735 
1.8302 
1.9890 
2.1224 
1.8853 
1.5772 
1.7626 
1.9648 
2.0037 
1.8639 
1.7553 
 
 
1.9783 
1.8846 
1.8241 
1.8722 
1.7512 
1.7201 
1.8872 
1.9221 
2.0111 
1.9680 
1.9199 
 
 
 
1.5297 
1.7183 
1.6090 
1.7577 
1.8748 
1.8922 
1.6365 
1.7116 
1.5727 
1.4671 
1.5461 
1.5361 
1.4230 
1.4258 
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1919.0 
1914.0 
1909.0 
1904.0 
1899.0 
1894.0 
1889.0 
1884.0 
1879.0 
1874.0 
1869.0 
1864.0 
1859.0 
1854.0 
1849.0 
1844.0 
1839.0 
1834.0 
1829.0 
1824.0 
1819.0 
1814.0 
1809.0 
1804.0 
1799.0 
1794.0 
1789.0 
1784.0 
1779.0 
1774.0 
1769.0 
1764.0 
1759.0 
1754.0 
1749.0 
1744.0 
1739.0 
1734.0 
1729.0 
1724.0 
1719.0 
1714.0 
1709.0 
1704.0 
1699.0 
1694.0 
1.6933 
1.7382 
1.6887 
1.6958 
1.7524 
1.7384 
1.7021 
1.6952 
1.7283 
1.6721 
1.6387 
1.6556 
1.6677 
1.7402 
1.6799 
1.6914 
1.6439 
1.6525 
1.7062 
1.7083 
1.8219 
1.7637 
1.7963 
1.7726 
1.6552 
1.5894 
1.5912 
1.5861 
1.6559 
1.7154 
1.8356 
1.7453 
1.6437 
1.6244 
1.6951 
1.6036 
1.6749 
1.6571 
1.6501 
1.7107 
1.6677 
1.6569 
1.6515 
1.6011 
1.6388 
1.7096 
1.7118 
1.7966 
1.7766 
1.7056 
1.7004 
1.5897 
1.7360 
1.7483 
1.7218 
1.7360 
1.8271 
1.8209 
1.7339 
1.7739 
1.6791 
1.8924 
1.6241 
1.7216 
1.6282 
1.8191 
1.7225 
1.8878 
1.8729 
1.8907 
 
1.6486 
1.6250 
1.7359 
1.8326 
1.7404 
1.7974 
2.0118 
 
1.4620 
1.7092 
1.6012 
1.3826 
1.3285 
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1689.0 
1684.0 
1679.0 
1674.0 
1669.0 
1664.0 
1659.0 
1654.0 
1649.0 
1644.0 
1639.0 
1.7418 
1.6811 
1.6440 
1.7187 
1.7274 
1.6738 
1.6865 
1.6924 
1.7256 
1.7055 
1.7388 
 
 
Appendix X:  Interannual (5-year) Calcification of Fiji AB, Fiji 1F, Rarotonga 3R, 
Clipperton 2B, and Clipperton 4B  
 
Year 
(C.E.) 
Fiji AB 
(g cm-2) 
Fiji 1F 
(g cm-2) 
Rarotonga 3R 
(g cm-2) 
Clipp 2B 
(g cm-2) 
Clipp 4B 
(g cm-2) 
1999.0 
1994.0 
1989.0 
1984.0 
1979.0 
1974.0 
1969.0 
1964.0 
1959.0 
1954.0 
1949.0 
1944.0 
1939.0 
1934.0 
1929.0 
1924.0 
1919.0 
1914.0 
1909.0 
1904.0 
1899.0 
1894.0 
1889.0 
1884.0 
1879.0 
1874.0 
1869.0 
1864.0 
2.2950 
2.2756 
2.3691 
2.4282 
2.4775 
2.2240 
2.0146 
2.0537 
2.4800 
1.8345 
1.3369 
1.5543 
1.5131 
2.2601 
1.4487 
1.5696 
1.9804 
1.7742 
1.5800 
2.0194 
1.8632 
1.9223 
1.5926 
1.5861 
2.0581 
1.2089 
1.6727 
1.7956 
 
2.1333 
1.7561 
1.6443 
1.6628 
1.7286 
2.4006 
2.1288 
2.2760 
2.1325 
1.6641 
2.5531 
1.9360 
2.1986 
2.2465 
1.7687 
1.2511 
1.4955 
1.8755 
1.6275 
1.4154 
1.3555 
1.1278 
1.3843 
1.3284 
1.3745 
1.4467 
1.5527 
 
1.8798 
1.6933 
1.7491 
1.5382 
1.4488 
1.8044 
1.9609 
2.0925 
1.9119 
1.5550 
1.6882 
1.7158 
1.8626 
1.5226 
1.5822 
1.5325 
2.0141 
2.0048 
2.3746 
1.7649 
2.2277 
1.7567 
 
 
 
1.5175 
1.8357 
1.7768 
2.0340 
1.7058 
1.5788 
1.8736 
1.9442 
2.1096 
2.1381 
1.9780 
 
 
 
1.4247 
1.9092 
1.6301 
1.8669 
1.6542 
1.8242 
1.2033 
1.7619 
1.3877 
1.3664 
1.4906 
1.5813 
1.4416 
1.5143 
1.5528 
1.8712 
1.5175 
1.4910 
1.5413 
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1859.0 
1854.0 
1849.0 
1844.0 
1839.0 
1834.0 
1829.0 
1824.0 
1819.0 
1814.0 
1809.0 
1804.0 
1799.0 
1794.0 
1789.0 
1784.0 
1779.0 
1774.0 
1769.0 
1764.0 
1759.0 
1754.0 
1749.0 
1744.0 
1739.0 
1734.0 
1729.0 
1724.0 
1719.0 
1714.0 
1709.0 
1704.0 
1699.0 
1694.0 
1689.0 
1684.0 
1679.0 
1674.0 
1669.0 
1664.0 
1659.0 
1654.0 
1649.0 
1644.0 
1639.0 
1.7377 
1.9983 
1.6432 
1.6545 
1.4682 
1.2651 
1.3787 
1.5984 
1.9371 
1.8002 
1.9863 
2.1862 
1.6191 
1.4195 
1.4888 
1.5515 
1.5493 
1.6050 
1.7955 
1.9299 
1.7477 
1.4508 
1.5861 
1.6368 
1.4603 
1.5857 
1.1229 
1.8189 
1.9150 
2.3254 
1.5452 
1.7704 
1.2546 
1.3087 
1.4445 
1.3227 
1.1187 
1.4254 
1.3591 
1.5661 
1.6497 
1.6195 
1.5779 
1.4507 
1.7009 
1.7601 
1.7287 
1.7385 
2.0746 
1.8794 
1.6428 
1.6198 
1.6989 
1.6786 
1.4947 
1.8631 
1.7274 
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